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Abstract
Medical image synthesis and segmentation are two essential per-voxel prediction tasks,
which can be applied in various clinical situations and can assist professional experts to
solve various practical problems. Both of these two tasks need to estimate the target value
of each voxel in input medical images. For synthesis, the target value is the intensity in
the target image; for segmentation, the target value is the class label indicating whether
the voxel belongs to the region of interest or not. Compared with many other computer
vision tasks, like image classification that estimates image-level label, high-quality medical image synthesis and segmentation require to capture more visual details of both local
and global context to predict the dense voxel information. In recent years, various deep
neural network models have been developed to solve data processing problems, as they
possess the powerful capacity of extracting task-specific features from input data. Among
these models, deep convolutional neural networks (CNNs) have shown their promising
performance in the field of computer vision. For generic image per-pixel prediction tasks,
the delicately designed CNNs can capture the crucial underlying features that represent
both the local and global knowledge from given images and efficiently estimate their corresponding target outputs. Owing to the astonishing learning capability of CNNs, this
thesis aims to explore more effective and efficient deep CNNs based methods to solve
the medical image per-voxel prediction problems. Since medical images have their own
characteristics, such as higher image dimensions and less accessible labeled data than
generic images, it is challenging to design CNNs based models to fully and explicitly exploit these characteristics and address the learning issues caused by them. Therefore, this
thesis also focuses on exploring more advanced learning techniques and integrating them
into the learning of deep CNNs to further improve the per-voxel prediction performance
on medical images. Specifically, this thesis unfolds its investigation on medical image
synthesis and segmentation from the following four aspects.
Firstly, this thesis develops adversarial learning based deep CNN models for crossmodality magnetic resonance (MR) image synthesis. Although deep CNNs have the
dominant strength in image feature extraction, the CNNs based generative adversarial
networks (GANs) have shown more promising performance for generic image synthesis recently. With the adversarial competition between the generator and discriminator,
GANs can synthesize more realistic images than the conventional CNNs. However, if diiv
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rectly applying these GANs on medical image synthesis, the final results will not meet the
expectation. One of the reasons is that many medical images, such as MR images, have
three dimensions. The 2D GANs that are commonly used on generic images easily fail to
capture the continuous visual clues across the 2D slices of the input MR images. To deal
with this problem, 3D CNNs based GANs model is developed in this thesis to learn the
synthesis mapping from one MR modality to another. Also, the designed GANs model
uses the Unet-like generator so that both of the local object content and the whole image
context from the given images can be seized in a larger 3D scope for better synthesis. The
proposed 3D GAN model is demonstrated to be superior over the general 2D GANs on a
public MR image dataset.
Secondly, after proposing the effective 3D GAN model for MR image synthesis, this
thesis points out that compared with generic image synthesis, medical image synthesis
needs more efforts to depict the textural structures of interesting objects, as this structural information is crucial for accurate disease diagnosis and other recognition tasks.
Whereas, the above 3D GAN model and most existing GANs only attempt to minimize
the pixel-/voxel-wise intensity distance between the real and the synthesized images during training, which is insufficient to preserve the vital structural details. Since image edge
information can reflect the textural structure of image content and depict the boundaries of
different objects in images, this thesis further explores two learning strategies to integrate
the edge information into the adversarial learning of GANs. Using the adversarially learnt
edge maps, the proposed models could enforce both voxel-wise intensity similarity and
edge similarity between the real and synthesized images and ensure the sharpness of the
predicted images. The superiority of the proposed 3D edge-aware GANs is demonstrated
on various public MR brain image datasets.
Thirdly, although the above 3D edge-aware GANs can effectively predict sharper images, they just learn a single model to uniformly transform all the input images by a whole
sample-space mapping, as most existing CNNs based methods do. In this thesis, it is argued that this may not be sufficient for medical image synthesis as the limited labeled
training data are often not representative enough to cover the variations in the unseen images. Thus, it is difficult in utilizing these labeled images to train a single optimal mapping
model for all the images. To handle this issue, this thesis develops a novel GANs based
sample-adaptive learning framework. It seeks both of the common whole sample-space
mapping between the source- and target-modalities and an additional unique local samplespace mapping for each input sample via exploring its specific characteristic. Specifically,
the learning model is decoupled into two intercommunicated paths. In its baseline path,
the global sample-space mapping is learnt as usual to fit all the available labeled samples
by a common GAN model. At the same time, a new sample-adaptive path is designed
to further learn the relationship between each input sample and its neighboring training
samples and exploits the target-modality features of these training samples as auxiliary
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information for synthesis. Benefiting from this sample-adaptive learning strategy, the
proposed GANs based model possesses the flexibility to adapt itself to different samples
so that the synthesis performance can be improved. The effectiveness of the proposed
sample-adaptive learning framework is validated with two different GANs on two lesion
contained MR image datasets.
Lastly, this thesis further explores sample-adaptive learning for brain tumor segmentation. Since MR images are not quantitative during imaging and can exhibit significant
variations in signal depending on a range of factors, it experiences an increasing difficulty
to train an automatic segmentation network and apply this trained network to new MR
images. To mitigate this issue, this thesis proposes to learn a sample-adaptive intensity
lookup table (LuT) that dynamically transforms the intensity contrast of each input MR
image to adapt to the subsequent segmentation task. To be specific, the proposed sampleadaptive framework contains a LuT module and a segmentation module, trained in an
end-to-end manner: the LuT module learns a sample-specific nonlinear intensity mapping
function through communication with the segmentation module, targeting to improve the
ultimate segmentation performance. In order to make the LuT module sample-adaptive,
the intensity mapping function is parameterized by exploring two families of non-linear
functions. The parameters of these functions are specifically predicted for each input
sample, making the intensity mapping adaptive to samples. With this sample-adaptive
learning, the final segmentation performance can be boosted. The proposed framework is
developed upon two state-of-the-art backbone networks for segmentation. Its effectiveness is validated on two benchmark brain tumor segmentation datasets. The experimental
results indicate that rather than learning the segmentation-model specific information, the
LuTs learnt in our approach also carry the general information about the intensity level
adjustment for the given segmentation task.
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Chapter 1
Introduction
1.1

Research Background

Medical imaging techniques, such as computerized tomography (CT), positron emission
tomography (PET), and magnetic resonance imaging (MRI), play a crucial role in clinics.
Doctors usually employ them to visualize the internal structures or functions of human
bodies via medical images. These images varying with imaging techniques and scanner settings can highlight diverse anatomical organs and physiological tissues. Hence,
to better serve the disease diagnosis and treatment, multiple modalities of medical images are collected together to reflect the different and sometimes complementary visual
specialty of body parts of interest. However, due to the uneven clinical resources and
expensive acquisition costs, the demand of multiple and also high-quality medical images is not easily satisfied for every patient in the practice. This always results in the
less comprehensive knowledge about diseases and causes inaccurate diagnosis. Medical
image synthesis, as an approach modelling a mapping from a given modality of images
to a target modality, is therefore widely explored to handle this issue. Meanwhile, to assist doctors in diagnosis and treatment, the accurate appearance and location information
about organs and abnormal tissues is important. This information is commonly acquired
through segmenting these target objects on the scanned medical images. Whereas, different from the segmentation labelling on generic images, the manual annotation on medical
images requires laborious efforts from the medical experts to delineate the contours of target objects. Therefore, to release the workload in clinics, the more effective and efficient
approaches are always in high demand for automatic medical image segmentation.
Both medical image synthesis and segmentation belong to an essential computer vision
technique that is known as per-pixel (per-voxel for 3D medical images) prediction, as
shown in Figure 1.1 (1). Medical image synthesis corresponds to per-voxel regression as
it estimates the intensity value of each voxel in the target-modality images, while medical
image segmentation corresponds to per-voxel classification as it categories every voxel
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Per-voxel prediction on
medical images

(1)
Per-voxel regression:
medial image synthesis

(2)

Handcrafted feature
based approaches

(3)

Per-voxel classification:
medial image segmentation

develop

Deep learning based
approaches: CNNs

Patch-to-voxel
prediction

Global-level
prediction

(5)

(6)

Models suit medical images:
3D cGANs: Chapter 3
Ea-GANs: Chapter 4

Mitigate data variation
issue in medical images:
SA-GANs: Chapter 5
SA-LuT-Nets: Chapter 6

(4)
Derive from models
for generic images

Figure 1.1: Overview: (1) per-voxel prediction methods on medical images can be
classified into per-voxel regression (image synthesis) and per-voxel classification (image segmentation); (2) methods for per-voxel prediction develop from using handcrafted
features to learning task-specific features by CNN models; (3) CNNs based models are
explored from patch-to-voxel prediction to global-level prediction; (4) most existing pervoxel prediction methods on medical images directly derive from the models used on
generic images; (4) this thesis will design effective deep CNNs which can extract volumetric and object structure related information from 3D medical images; (4) this thesis
will develop sample-adaptive deep CNNs to mitigate the data variation issue in learning
the sample-unified models.
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into the object of interest or the background. Therefore, in these two challenging tasks, the
predicted results have the same spatial size with the input images. Per-voxel prediction is
a more difficult undertaking than image classification that only needs to estimate a single
value (label) for each entire image. Successful per-voxel prediction systems highly rely
on their understanding about the whole given images and require the effective feature
representation about object locations, appearance, and image context. Conventionally,
handcrafted image features are delicately selected for different tasks, then the selected
features are processed by machine learning models for per-voxel prediction. In the recent
decade, thanks to the improvement of hardware, deep neural networks based models can
learn the optimal features from images at the same time with the prediction, bringing
out a breakthrough in the computer vision area [1], as shown in Figure 1.1 (2). Among
these models, deep convolutional neural networks (CNNs) demonstrate their domination
with the superior performance in various generic image recognition tasks, such as object
detection [2], semantic segmentation [3], and face recognition [4]. The tasks on medical
images also have witnessed the successful applications of CNNs with their remarkable
capability in feature extraction from multi-dimensional data [5].
In the beginning, CNNs based methods were explored for per-voxel prediction tasks
in medical image analysis using the patch-to-voxel prediction strategy. For example, a
CNN model, stacked by convolutional layers and fully connected layers, processes each
local patch from MR images to label its centered voxel one-by-one via sliding windows
for brain tumor segmentation in [6]. Since this kind of patch-to-voxel prediction strategy
ignores the important context information among different patches in the same image,
an independent conditional random field (CRF) is often added after the CNNs to model
the relationship among all the pixels in an image. Whereas, this patch-to-voxel prediction has low efficiency, and the additional CRF learnt as a separate step cannot take the
advantages from the whole deep learning process. To cope with these issues, fully convolutional networks (FCNs) were developed and made the global-level prediction possible
in generic semantic image segmentation [7], as shown in Figure 1.1 (3). Owing to their
successful applications, diverse FCN architectures have been proposed to directly predict
their corresponding target images or segmentation labels from the given whole images in
per-voxel prediction tasks. Using more advanced model structures, like Unet [8], FCN
can not only seize the image information about local objects and their global relationship
at the same time, but also process every input image via the one-pass inference to improve
the per-voxel prediction efficiency. Thus, the deep FCNs, which can grasp both local and
global image representations with low computational costs, are an appealing option for
per-voxel prediction tasks.
Furthermore, after generative adversarial networks (GANs) achieved the successful
performance in generic image synthesis [9], the CNNs trained by adversarial learning
started to be explored in per-voxel prediction on medical images [10]. Different from the
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conventional CNNs only focusing on prediction, a CNN based GAN model benefits from
the learning competition between its generator and an additional discriminator. During
this competition, the per-voxel prediction output from the generator is enforced to contain sufficient content and context information to increase the discrimination difficulty of
its discriminator, which in return further improves the generator to predict more realistic
target-modality images or segmentation labels. However, most GAN based methods on
medical images derive from the GANs that are originally proposed for 2D generic image tasks, as shown in Figure 1.1 (4). They cannot fully exploit the essential 3D nature
of volumetric objects in 3D medical images, like those in CT, PET, and MR images. In
addition, the crucial textural structure information about medical objects in images is not
sufficiently employed by these GANs during the prediction, which lowers the quality of
prediction results, such as synthesizing less sharp medical images in the per-voxel regression tasks. Therefore, it is appealing to develop more advanced and effective CNNs
cooperated with the adversarial learning so that they can better suit the processing on
medical images, as shown in Figure 1.1 (5).
Besides, despite the various architectures used in per-voxel prediction methods, the existing CNNs usually attempt to train a unified model that processes all unseen images.
Successfully training this unified CNN model requires a large number of labeled images.
However, sufficient labeled medical images are often inaccessible, since labeling these
images or scanning new images relies on the experts with professional background and
adequate clinical resources. Such a situation is even more protruding in per-voxel prediction tasks where the value of every voxel needs to be predicted. The labeled training
images are in a small number and less representative to a varied population, making it
hard to train a unified CNN model to fit all test images. This issue will become more
severe when the visual variation is significant among medical images. For example, since
the intensity values in MR images are not quantitative, the scanned intensities of the same
tissue type can be distinctly different among MR images. If the MR images contain tumor
lesions, like gliomas, the tumor-surround-contrast can be much different from some MR
images to the others. Also, the tentacle-like structures of gliomas often stretch to invade
the normal brain tissues, rather than just replacing them, which leads to the arbitrary appearance and diffused locations of tumors on the scanned images varying from patient to
patient [11]. The arbitrary variations among these medical images further increase the
difficulty to learn an optimal unified model for all samples for per-voxel prediction. A few
works attempted to address this variation problem using the domain adaptation strategy.
They usually tried to reduce the variation between the whole training set and the whole
test set so that the trained model can adapt to the test set [12, 13]. These methods assumed that the training and test data were from two different distributions and minimized
the discrepancy between them. Whereas, these domain adaptation approaches ignore the
different characteristics among the data in the same set. Therefore, this strategy from the
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literature has not directly addressed the data variation problem among all the images in
learning a unified per-voxel prediction model. It is appealing to explore the CNN based
methods that can adapt to the different image samples and solve this research problem in
a straight-forward way for the per-voxel prediction tasks, as shown in Figure 1.1 (6).

1.2

Research Aims

This thesis focuses on developing effective deep neural networks, especially the powerful
CNNs based models, for per-voxel prediction on medical images. The developed CNNs
models target at incorporating 1) adversarial learning that can capture the volumetric local and global features from medical images and fully exploit their object structure information during the prediction and 2) sample-adaptive learning that can mitigate the data
variation issue in learning the sample-unified models, so that the performance of these
CNN models can be well generalized. To be more specific, this thesis has the following
three research aims.
• Design effective deep CNNs based GAN models to learn the medical image mapping for per-voxel regression tasks, e.g., cross-modality MR image synthesis. The
designed model should be able to extract the volumetric details of objects and also
the contextual information in the whole images. During the adversarial learning
of the designed model, it should exploit the sufficient structural details of objects
and preserve it in the synthesized images to enhance their sharpness. Besides, the
designed model should get better performance on various datasets than the stateof-the-art approaches using either handcraft features, conventional deep CNNs, or
GANs.
• Develop a GANs based sample-adaptive learning framework that can handle the
aforementioned data variation issue in learning a unified prediction model for all
samples in the complicated per-voxel regression tasks, e.g., cross-modality lesioncontained MR image synthesis. The developed sample-adaptive framework should
be able to extract the characteristic of each individual sample and adjust the learning
models based on different input samples. This learning framework needs also to be
flexibly developed on different GANs and cooperate the sample-adaptive learning
with them to improve their corresponding synthesis performance. Besides, this
GANs based framework should better perform on various lesion contained datasets
compared with other advanced GAN models without the sample-adaptive learning.
• Develop a novel deep CNNs based learning framework that can vary with samples to mitigate the significant visual variation among different medical images for
the difficult per-voxel classification tasks, e.g., brain tumor segmentation on MR
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images. This framework should learn to build the sample-adaptive visual transformation for each input image and adapt this learnt specific transformation to the
segmentation task to improve its performance. It also should be able to work upon
different segmentation networks and outperforms the state-of-the-art deep CNNs
without the sample-adaptive learning on benchmark datasets.

1.3

Contributions

To dedicate the research to the above three aims, the contributions of this thesis are highlighted as follows.
• This thesis proposes a 3D CNNs based GAN model, i.e., 3D cGAN, to learn the
mapping for cross-modality brain MR image synthesis at the global level. With the
3D Unet-like structure in its generator, it captures the volumetric features of both
local object content and whole image context in a larger 3D scope for synthesis.
Furthermore, a local adaptive fusion approach is additionally proposed to polish
the synthesized MR images from 3D cGAN. This thesis demonstrates the better MR
image synthesis performance of the proposed 3D cGAN than that of the general 2D
cGAN model on a public brain tumor MRI dataset, i.e. BRATS2015 [14], and also
validates the effectiveness of the local adaptive fusion strategy to polish the final
synthesis.
• This thesis points out that purely enforcing the voxel-wise intensity similarity is not
sufficient for medical image synthesis. Thus, it further develops edge-aware generative adversarial networks (Ea-GANs) for cross-modality brain MR image synthesis.
The proposed Ea-GANs are designed to preserve the edge information that can reflect the brain structure as the object contour information in images to improve the
sharpness of synthesized images. To integrate the edge information, two variants of
Ea-GANs, i.e., generator-induced Ea-GAN (gEa-GAN) and discriminator-induced
Ea-GAN (dEa-GAN), are proposed according to different learning strategies. In
the gEa-GANs, edge information is incorporated into the adversarial learning of
the generator, enforcing the synthesized image to have a similar edge map as the
real image. In the dEa-GAN, the edge information is innovatively incorporated into
both of its generator and discriminator. In this way, the edge information will also
be adversarially learnt, which could further preserve the object-related information
in the synthesized image to improve the synthesis performance. The proposed EaGANs are validated on two public MRI datasets, i.e. the brain tumor contained
BRATS2015 [14] and the non-skull-stripped IXI [15], respectively. The experimental results demonstrate the superior performance of the proposed Ea-GANs
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over a set of state-of-the-art image synthesis models including the model using
handcrafted features, conventional deep CNNs, and other GANs models.
• This thesis proposes a novel GANs based sample-adaptive learning framework,
called SA-GANs, to enforce the sample-specific learning on top of the common
whole sample-space learning, so that the unique characteristic of each medical
image can be also seen and exploited by the proposed framework for the crossmodality MR image synthesis. To be more specific, the proposed framework decomposes the learning process into two cooperated paths. In the baseline path, the
global sample-space mapping is learnt from the whole source-modality space to the
target-modality space by a GAN model as usual. Additionally, it has a sampleadaptive path to seek the characteristic of each individual sample through learning
its unique local sample-space mapping. This sample-specific path models the relationship between each given sample and its neighboring training samples and
utilizes the target-modality features of these training samples as auxiliary information to promote the final high-quality synthesis. The proposed sample-adaptive
learning framework can be separately developed on two different GANs and end-toend trained with them. Its effectiveness is validated on two MR image datasets, i.e.,
brain tumor contained BRATS2015 [14] and stroke lesion contained SISS2015 [16].
The experimental results show the better performance of the proposed SA-GANs
than a set of state-of-the-art GAN models that are trained without sample-specific
learning.
• This thesis proposes a CNNs based sample-adaptive learning framework called SALuT-Nets for segmentation where intensity lookup tables (LuTs) are learnt in an
end-to-end manner with a subsequent segmentation network to cope with the significant variation among MR images and promote brain tumor segmentation performance. The learnt LuTs vary with the need of the input MR images during
the intensity transformation for better segmentation. In this way, when the new
unseen samples whose intensity distributions are different from the training set
arrive, our SA-LuT-Nets could predict their specific optimal LuTs to adjust their
intensities for the segmentation. The proposed framework is developed and validated based on two segmentation backbones, i.e., the modified 3D Unet [17] and
DMFNet [18], which achieved the state-of-the-art performance on brain tumor segmentation. The effectiveness of our proposed learning framework over these two
baselines is demonstrated in both single- and multi-modalities scenarios on the two
public brain tumor segmentation datasets, i.e., BRATS2018 and BRATS2019 [19].
The online evaluation results validate that our SA-LuT-Nets achieves better performance than many other state-of-the-art CNNs models, while using fewer model
parameters. The thesis also shows that, the LuTs learnt using one segmentation
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model could be transferred to another segmentation model to improve the latter’s
performance. This suggests that some general information about how to sampleadaptively adjust the intensity levels of MR images for the segmentation task, rather
than the information merely coped with a specific segmentation model, has been
learnt.
Briefly, this thesis has conducted research into establishing effective deep CNNs based
models for the two challenging per-voxel prediction tasks, i.e., medical image synthesis
and segmentation, through the adversarial learning and sample-adaptive learning techniques. The research starts from the aim of designing effective CNNs based GAN models
for per-voxel synthesis on 3D MR images. The investigation goes through developing
the CNN architectures to learn the volumetric feature representations of medical images.
After mitigating the discontinuous cross-slice estimation by the 3D-structure model, this
thesis further integrates the edge information into the adversarial learning to preserve
the essential structural texture of brains for the sharper images after the synthesis. After
solving the first research aim by the more effective CNNs based models for per-voxel prediction, the research comes into dealing with the data variation problem in learning a unified model for medical images. It explores sample-adaptive learning based frameworks
to handle this research problem for both synthesis and segmentation tasks. A sampleadaptive learning framework is developed to learn a sample-specific mapping in addition
to a unified mapping to capture the characteristic of each sample during synthesis. Besides, sample-adaptive learning is explored to dynamically adjust the intensity contrast
to handle the significant visual variation among MR images before processing them by
a segmentation network for the ultimate task. These two studies have separately realized the second and the third research aims in this investigation. Different experiments
have been conducted, and their results have validated the effectiveness of the proposed
special design in the deep CNN based models, including the 3D cGAN, Ea-GANs, and
SA-GANs for cross-modality MR image synthesis, and the SA-LuT-Nets for brain tumor
segmentation.

1.4

Organization of the Thesis

The following part of this thesis will be organized as follows.
Chapter 2 first reviews the classic architectures of deep CNNs models and the learning
approaches of GAN models for per-voxel prediction tasks. Then, the existing key works
about CNNs based methods targeting at the per-voxel regression and classification tasks,
i.e. medical image synthesis and segmentation, are separately reviewed.
Chapter 3 points out the weakness of the existing 2D CNNs based GAN models in synthesizing 3D medical images and introduces the proposed 3D cGAN model for brain MR
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image synthesis. The superiority of its 3D architecture over the 2D structure is demonstrated on a brain tumor MR image dataset.
Chapter 4 presents the proposed Ea-GANs models for the cross-modality MR image
synthesis task. Its design motivation and model details are investigated and provided.
The effectiveness of the proposed two edge-aware learning strategies is validated on two
datasets compared with the 2D CNNs and GAN models and the state-of-the-art MR image
synthesis methods.
Chapter 5 introduces the importance of building the sample-specific learning for the
successful lesion contained MR image synthesis GAN models. The proposed sampleadaptive learning framework that learns the specific local sample-space mapping for each
sample are described, and its effectiveness is verified on two lesion contained MR image
datasets compared with the other advanced and popular GANs without using this learning
strategy.
Chapter 6 reveals the intensity variation issue of MR images in the existing automatic
brain tumor segmentation methods. The approach of employing intensity lookup tables to
handle this issue is provided. The details about using the proposed framework to conduct
the sample-adaptive intensity adjustment for the better segmentation are then introduced.
The experimental studies on both single-modality and multi-modality cases are presented
to demonstrate its improvement over the two different CNN segmentation baselines, as
well as other prevalent brain tumor segmentation models.
Chapter 7 summarizes this thesis and discusses its related future works.

Chapter 2
Literature Review
In this chapter, the relevant key works about per-voxel prediction, i.e., medical image synthesis and segmentation, will be reviewed. To be more specific, the typical architectures
of deep convolutional neural networks (CNNs) and the learning approaches of different
generative adversarial networks (GANs) are first introduced. Then, the important medical
image synthesis and segmentation methods that are based on deep CNNs will be further
discussed.

2.1

Deep Convolutional Neural Networks (CNNs)

Deep learning models integrate the important feature learning into target tasks and have
demonstrated themselves in many applications [20]. Among them, deep convolutional
neural networks (CNNs) are frequently used especially for the computer vision tasks. A
typical CNN is composed by an input layer, hidden layers, and an output layer [2]. The
input layer is always associated with images, and the output layer produces their corresponding estimations. The stacked hidden layers are associated with different operations
performing on the input data. According to the stacking order and operation types of
these hidden layers, they can be sorted into small units in the CNN model to extract the
task-related features from shallow to deep. With the increasing number of stacked units,
the CNN model enhances its ability of revealing the more implicit feature representations
from data. Generally, each unit at least consists of a convolutional layer and an activation
layer, which can be written as the following operations:
N l−1

hlj

= σ ( ∑ hl−1
∗ Wli j + blj ), j = 1, . . . , N l ,
i

(2.1)

i=1

where ∗ and σ (·) denote a convolution operator and a nonlinear transformation, respectively. The symbols W, b, and h separately indicate a convolutional kernel, an added
bias, and a feature map. The number index of convolutional units in a CNN model are
10
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Figure 2.1: The architecture of LeNet includes three convolutional layers and two fully
connected layer. Image courtesy to [21]

1, . . . , l, . . . , L from the shallow to deep layers. N l is the total number of feature maps
in the l-th unit. Hence, Equation (2.1) presents the operating process from the feature
maps generated in the (l − 1)-th unit to the output features in the l-th unit. Except from
the aforementioned convolution and activation layers, normalization, pooling, and other
hidden layers are often cooperated to build a well-performed CNN. During the training
of a CNN, after an input image is processed by these operations, its corresponding prediction is given by the output layer. A loss, which is defined by the vision task, calculates
the error between the prediction and the real target, and then its error gradient is propagated back to the hidden layers to update the parameters in the kernels and biases for a
better estimation. Using different hidden layer combinations and connection approaches,
various architectures are proposed to promote the improvement of computer vision task
performance. The next part will introduce eight typical CNNs architectures.

2.1.1

LeNet-5

LeNet-5, as a very early CNN model, was proposed in 1998 for handwritten character
recognition task [21]. It consists of three convolutional (Conv) layers with 5 kernel size
and two fully connected (FC) layers. Average pooling and tanh activation layers are also
used in LeNet-5. With these layers, it processes 32 × 32 grayscale images of checks to
recognize the digits on them. Even though its discrimination ability is limited by the
shallow structure and the small number of trainable parameters, it is still a pioneering
model in CNNs.

2.1.2

AlexNet

AlexNet started to attract the attention from researchers after it won ImageNet LSVRC2012 competition with 15.3% error rate in object classification. It largely outperformed
the second-place method which got 26.2%. In the AlexNet as illustrated in Figure 2.2,
there are five Conv layers and three FC layers [2]. The kernel sizes are 11 × 11 and
5 × 5 correspondingly in its first and second Conv layers, and 3 × 3 in its last three Conv
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Figure 2.2: The basic architecture of AlexNet includes five convolutional layers and
three fully connected layer. Image courtesy to [2]

Figure 2.3: The architecture of Inception module used in GoogLeNet. Image courtesy
to [23]

layers. Apart from them, it applies rectified linear units (ReLUs) [22], f (x) = max(0, x),
to the output of each Conv and FC layer as nonlinear activation. The ReLU layers assist
AlexNet to reach 25% training error rate by only the 1/6 training time of tanh nonlinear
layers. Besides, overlapping max-pooling helps AlexNet to decrease top-1 and top-5 error
rates by 0.4% and 0.3%, respectively, from the non-overlapping max-pooling operation.
It also employs data augmentation on input images and random dropout on parameters
during training to handle its potential overfitting. The entire model is trained by stochastic
gradient descent (SGD) with momentum. All these design and discussion inspire the
following development of CNNs a lot.

2.1.3

GoogLeNet

In 2014, a 22-layer deep CNN, GoogLeNet, was proposed for object classification and
detection [23]. With a novel Inception CNN unit as illustrated in Figure 2.3, it reduced
the top-5 error rate to 6.67% in ILSVRC-2014 as the first-place winner. The proposed
Inception unit is built by four branches to get different receptive fields on input images.
The receptive field of a CNN model means its seen-able spatial region in the input images and decides its ability of feature extraction. Using a small convolutional kernel size,
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Figure 2.4: The building block of residual learning. Image courtesy to [24]

like 1 × 1, the CNN branch can seize the local information from images, while a larger
convolutional kernel size, like 5 × 5, and max-pooling can help the branch to capture
more global features from images. Thus, after concatenating the outputs of four branches
together, Inception module can benefit from extracting both local and global image feature representations and increase the learning effectiveness. Furthermore, the designed
Inception module exploits 1 × 1 Conv layers before 3 × 3, and 5 × 5 Conv layers to reduce the channels of feature maps so that the number of trainable parameters can be
largely decreased to promote the computational efficiency. The total parameter number of
GoogLeNet is about four million which is remarkably less than 60 millions of AlexNet.
In addition, batch normalization, dropout, data augmentation approaches like image distortions, and RMSprop optimizer are used in the learning of GoogLeNet and make it as
an effective and efficient CNN model.

2.1.4

ResNet

In 2015, residual neural network (ResNet) was introduced as the winner of ILSVRC2015 and reached the top-5 error rate of 3.6% for classification task [24]. It incorporates
a new building block called residual learning block as shown in Figure 2.4. This block
is realized by a shortcut connection, which can skip one or more layers to connect to
the deeper features. In the residual learning block, the shortcut connection delivers the
previous feature maps by identity mapping to be added to the output feature maps from
the two or three stacked layers. This process can be written as y = F (x, {Wi }) + x,
where x and y indicate the input and final output features of the residual learning block,
respectively, and F (x, {Wi }) means the learnt residual mapping with parameters {Wi }.
Stacking this residual learning blocks, ResNet can be built to 152 layers almost without
degradation. Degradation is a common issue, appearing when a very deep CNN begins to
converge during training. If add more layers to deep CNNs, some of them cannot improve
their prediction accuracy or even degrade their performance quickly since their accuracy
is already saturated. In ResNet, using the residual learning blocks effectively alleviates
the degradation issue, which makes ResNet as another milestone in the development of
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Figure 2.5: The architecture of 5-layer dense block in DenseNet. Image courtesy to [25]

CNNs.

2.1.5

DenseNet

DenseNet is also a prevalent CNN model for object recognition [25]. It consists multiple
novel dense blocks as shown in Figure 2.5. As mentioned, in ResNet, identify mapping
is presented to help the backpropagation of error gradients. Its shortcut connection is
applied as the element-wise summing between the previous features and the features after
stacked Conv layers. Differently, in the dense block, skip connection is employed as the
feature concatenation. Besides, the feature maps from one layer will be transited to all its
subsequent layers in the same block. Hence, after stacking multiple dense blocks with the
interval of 1 × 1 Conv layers and 2 × 2 average-pooling layers, the error gradients can be
easily back-propagated to every layer in the entire DenseNet, which is a compact model
rather than a wide one. It achieved impressive performance in classification competitions
with less trainable parameters. However, since the feature maps of all the layers in dense
blocks need to store, quadratic memory should be used during the training of DenseNet.

2.1.6

Fully Convolutional Networks (FCN)

Fully convolutional networks (FCN) was elaborated to solve the pixel-wise classification, i.e., segmentation problem [7]. It converts the CNN classifiers, like AlexNet and
GoogLeNet, to segmentors through replacing all the fully connected layers by the convolutional layers. In this way, FCN can keep the multi-dimensional content information
with less trainable parameters and inference time. Its detailed architecture is illustrated
in Figure 2.6. As can be seen, downsampling operations are first applied to abstract the
semantic features, and upsampling is used to reconstruct the local content information.
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Figure 2.6: The basic architecture of FCN. Image courtesy to [7]

Figure 2.7: The illustration of 2D dilated convolution used in DeepLab. Image courtesy
to [26]

For the FCN-8s, 2× upsampling layer, i.e., deconvolution layer with its stride of two, is
applied on conv7, and sum up its output with pool4. Then, their summing output is further
upsampled by a deconvolution layer with its stride of two and added to pool3. Finally, a
deconvolution layer with its stride of eight is used to upsample and produce the final segmentation map so that the pixel-wise prediction can be realized by a one-pass inference.
From now, the research of pixel-wise prediction started to enter a new area where FCNs
were extensively explored.

2.1.7

DeepLab

Deeplab was first proposed for semantic image segmentation task [26], and then, it has
been evaluated to the second and third versions. The key contribution of DeepLab models
is the dilated convolution (or atrous convolution). Figure 2.7 shows the illustration of 2D
dilated convolution with different dilation rates. As can be seen, when apply the dilation
rate as r on the k × k convolution kernel, its size will be enlarged to k + (k − 1)(r − 1)
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Figure 2.8: The architecture of Unet. Image courtesy to [8]

without any additional computational costs. Thus, the dilated convolution can increase the
receptive fields by introducing larger dilation rates. Besides, with the dilated convolution,
the sparse size of input features can be unchanged, which is very suitable for pixel-wise
prediction tasks.

2.1.8

Unet

Unet was proposed to apply segmentation on 2D medical images and succeed as the first
place in two challenges. It derives from the extension of FCN model [8]. Therefore, it
also only uses the Conv layers to capture both of the local content and global contextual features from input images and estimate their pixel-wise predictions. As illustrated
in Figure 2.8, Unet can be divided into two paths, the left downsampling (or contracting/encoder) path and the right upsampling (or expanding/decoder) path. In the downsampling path, after taking in the input image, it abstracts the image feature representations
by five blocks. Each block consists of two Conv layers, a ReLU layer, and a max-pooling
layer. Its upsampling path has the symmetric structure with the left path, including a deconvolution layer and two Conv layers with ReLU operations. The most important part
in Unet is that it bridges the left and right paths with multiple skip connections, which
transmit the feature maps from the left to concatenate with the features from the right.
This delicate design not only enforces the model to understand input images with different receptive fields but also mitigates the gradient vanishing issue commonly seen in
training deep learning models. Thus, Unet can reveal the multi-scale visual clues as the
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hierarchical feature representations by efficiently learning a pixel-prediction mapping.

2.2

Generative Adversarial Networks (GANs)

The basic structure of generative adversarial networks (GANs) consists of a generator and
a discriminator. Despite the specific architectures in its generator and discriminator, they
work to compete with each other. The generator tries to synthesize the data that cannot be
recognized by the discriminator, while the discriminator aims to accurately classify the
synthesized data and its corresponding real data into f ake and real labels, respectively.
With their adversarial competition between them, the generator will synthesize more realistic data. Based on this basic concept, four typical GANs with their learning approaches
will be reviewed as follows.

2.2.1

Vanilla GANs

The vanilla GANs was proposed to synthesize generic images in 2014 [27]. It is a new
learning mechanism rather than a specific model. It could be built upon any architectures.
For computer vision tasks, since CNNs show the dominating performance, this thesis
only talks about CNNs based GANs. All the aforementioned CNNs only have one network to process images for prediction. Differently, a GANs contains two networks, i.e.,
a generator G and a discriminator D, which are trained together by adversarial learning
mechanism. To be more specific, the vanilla GANs, as illustrated in Figure 2.9, tries to
learn a synthesis mapping from random noise z ∼ pnoise (z) to the target images x following the real image distribution pdata . To train its G and D, the loss function is formulated
as:
min max Ex∼pdata (x) [log D(x)] + Ez∼pnoise (z) [log(1 − D(G(x)))],
G

D

(2.2)

where G(·) and D(·) indicate the outputs of G and D, respectively, and E means mathematical expectation. Through using this adversarial loss, the competition between the
generator and discriminator will reach a Nash equilibrium, so that the generator can synthesize less blurred target images.
To enhance the training stability of GANs, Wasserstein GAN with gradient penalty
(WGAN-GP) was proposed in [28]. It applies Wasserstein distance that has a smoother
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gradient to adversarial learning and gradient penalty to enforce the constraint during training. It has demonstrated faster convergence and better performance in noise-to-image
synthesis tasks.

2.2.2

Pix2pix

To add more constraints in the adversarial learning, conditional GANs (cGANs) was proposed in [29]. It conditions the learning process on a particular input data rather than
only using the random noise, which offers an auxiliary guide for synthesis. In the pairedimage synthesis, the input auxiliary information is a given source image x ∼ pdata (x), and
its corresponding target image is y ∼ pdata (y). Therefore, the GANs for image-to-image
synthesis is to learn the mapping between each pair of x and y.
For the generic image-to-image synthesis, Pix2pix [30] demonstrates itself with the
promising performance. Its structure is illustrated in Figure 2.10. Its generator has a
Unet-like architecture to seize the hierarchical representations from an input source image x, and learns to synthesize its target image G(x) that resembles the corresponding real
target image y. Meanwhile, the CNN based discriminator D of Pix2pix tries to distinguish
between the real image pair (x, y) and the synthesized image pair (x, G(x)). Benefit from
the competition between G and D, the Pix2pix GANs can be trained to promote its synthesis ability. To realize the adversarial learning, during the training phase, the generator
G learns to minimize the following objective:
G
LGAN
= Ex∼pdata (x) [log (1 − D(x, G(x))) + λl1 Ex,y∼pdata (x,y) [ky − G(x)k1 ].

(2.3)

According to Equation 2.3, its first term tries to train the generator G to synthesize a
realistic image G(x) which could be misclassified by the discriminator D. At the same
time, its second term applies an L1-norm penalty for the generator G to reduce the pixelwise intensity distance between the real image y and the synthesized image G(x). To
balance these two terms, a hyper-parameter λl1 is also employed in Equation 2.3.
The discriminator D in Pix2pix follows the formulated loss function:
D
LGAN
= −Ex,y∼pdata (x,y) [log D(x, y)] − Ex∼pdata (x) [log (1 − D(x, G(x)))].

(2.4)
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Different from the training of G, Equation 2.4 trains the discriminator D to predict the
correct image labels, i.e., zero for the synthesized image pair and one for the real image
pair, in this binary classification.
After each forward-propagation during training Pix2pix, its generator G and discriminator D are updated in an iterative way conforming Equation 2.3 and Equation 2.4, respectively. Due to the battle between G and D, the synthesis ability of G could be further
improved. When the entire GANs model completes training, only its generator would be
applied to synthesizing target images.

2.2.3

CycleGAN

After Pix2pix, an unpaired image synthesis GANs called cycleGAN was proposed [31].
It includes two generators G1 and G2 and two discriminators D1 and D2 to conduct
adversarial learning in two directions. The learning structure of cycleGAN is illustrated
in Figure 2.11. Here, the image x from the source distribution and the image y from
the target distribution are unpaired. During training, each image will experience a cycle
generation. Fox example, x is first as the input of G1 to produce G1(x), then G2 takes in
G1(x) to generate G2(G1(x)). Thus, for y, it also has two synthesized images G2(y) and
G1(G2(y)) targeting at different image distributions. The two discriminators D1 and D2
correspondingly differentiate the synthesized images for these two distributions and also
their real images. The adversarial losses in cycleGAN can be written as follows:

G1,D1
= Ey∼pdata (y) [log D1(y)] + Ex∼pdata (x) [log(1 − D1(G1(x)))],
LcycleGAN

(2.5)

G2,D2
LcycleGAN
= Ex∼pdata (x) [log D2(x)] + Ey∼pdata (y) [log(1 − D2(G2(y)))].

(2.6)

and
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Also, to ensure the cycle consistency, a cycle consistency loss is formulated as:
cyc
LcycleGAN
= Ex∼pdata (x) [kx − G2(G1(x))k1 ] + Ey∼pdata (y) [kx − G1(G2(y))k1 ].

(2.7)

Therefore, the final objective function of cycleGAN is:
f inal

cyc
G1,D1
G2,D2
LcycleGAN = LcycleGAN
+ LcycleGAN
+ λ LcycleGAN
,

(2.8)

the hyper-parameter λ is to balance these three terms.

2.2.4

Perceptual GANs

The perceptual GANs was proposed to involve the perceptual information of images into
the adversarial learning for generic image synthesis [32]. It introduced a new perceptual
discriminator which can be inserted into the existing GANs. The perceptual discriminator additionally uses a VGG encoder that is pretrained on the big generic image dataset
ImageNet to extract the features of the real and the synthesized sample pairs and enforce
their features to be similar through adversarial training. In this way, the perceptual GANs
can synthesize the images with more perceptual information by its generator.

2.3

Deep CNNs based Per-voxel Regression on Medical
Images

Per-voxel regression on medical images, i.e., medical image synthesis, is defined as a
mapping between the unknown target-modality images and the given source-modality images. Current approaches can be roughly grouped into two categories. The first category
refers to atlas-based methods. These methods utilize the paired image atlases of sourceand target-modalities to calculate the atlas-to-image transformation in source-modality,
and then explore this transformation to synthesize target-modality-like images from their
corresponding target-modality atlases [33–37]. Since most atlases are built upon healthy
subjects, these methods perform less satisfactorily on the images with pronounced abnormalities. The second category, learning-based methods, can mitigate this issue. Specifically, these methods directly learn a mapping from source-modality to target-modality.
Once a training set appropriately contains pathology, such information could be captured
by the learned model, so that abnormalities, such as brain tumors, can also be synthesized
in target-modality images.
A large category of the learning-based synthesis methods train a nonlinear model that
maps each small source-modality patch to the voxel at the center of the corresponding patch having the same location in target-modality [38–40]. Meanwhile, all these

CHAPTER 2. LITERATURE REVIEW

21

mentioned patch-based methods have a limitation that the important spatial relationship
among the small patches in the same image are ignored, leading to contrast inconsistency
in the synthesized image. To alleviate this issue, global spatial information is additionally
captured by multi-resolution patch regression in [41] for cross-modality image synthesis.
However, the handcrafted features used in the above methods [38–41] have limited descriptive power to represent the complicated contextual details in images, which in turn
affects synthesis quality. Moreover, in these methods, patch-based estimation is usually
applied to each individual voxel, and the final estimation of a whole image is determined
by a large number of highly overlapped patches. Therefore, such methods usually lead to
over-smoothed synthesized images, and incur heavy computational cost.
To deal with the above problems, deep learning based models, especially CNNs, have
been used to automatically learn features with better descriptive power [7, 24]. This section mainly focuses on discussing the CNNs based synthesis of three important medical
images, i.e., CT, PET, and MRI. According to the imaging modalities of the source and
target images, the applications of medical image synthesis can be roughly categorized into
two classes. The first one is within-modality synthesis, which targets to predict the higherquality images from the given source images of the same modality with lower quality. It
includes the synthesis of full-dose CT from the low-dose [42–44], 7T MR images from the
3T [45–47], and full-dose PET images from the low-dose [48]. The second class is crossmodality synthesis. It aims at extracting the visual information from the input sourcemodality and transforming to generate the target-modality images. It usually consists of
the synthesis between MR and CT images [47, 49–56], CT and PET images [57–59], MR
and PET image [60, 61], and various MR modalities, like T1, T2, fluid-attenuated inversion recovery (FLAIR), and magnetic resonance angiography (MRA) [62–67]. Despite
their different applications, they share the same technical essence that builds a mapping
from the source to the target images.
To learn the medical image synthesis mapping, deep CNNs are the most prevalent
choice in the recent years because of their successful applications in computer vision
tasks. These deep CNNs models can be classified into two groups, i.e., conventional
CNNs and CNNs based GANs. Here, the word “conventional” is used to show that these
CNNs models do not have discriminators rather than that they are out-of-date. They
also have developed to various advanced structures. Table 2.1 collects the key works
using conventional CNNs for medical image synthesis. The first attempt is deep locationsensitive network which was proposed in [62]. Although it applies multiplicative interactions to extracting spatial information from the input images, which is different from
the common CNNs using spatial pooling, it is still reviewed here due to its used convolution operation. It crops 3 × 3 × 3 small patches from the input images, and separately
estimates the target intensity values of their centered voxels. With sliding windows, the
whole target images can be synthesized. A custom three-layer CNNs was also proposed
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Table 2.1: Conventional CNNs based medical image synthesis publications.

METHOD

PUBLICATION

DATASET

OBJECT

TASK

location-sensitive
network

Van et al. [62]

NAMIC [68]

brain

cross-modality
MR

custom three
layer-CNNs

Chen et al. [42]

NBIA [69]

multiple
organs

full-dose CT

FCNs

Nie et al. [49]

-

pelvic

MR-to-CT

residual
encoder-decoder

Chen et al. [43]

NBIA [69]

multiple
organs

full-dose CT

autoencoder

Liu et al. [52]

-

brain

MR-to-CT

encoder-decoder

Chartsias et
al. [63]

Unet

Han et al. [50]

-

brain

MR-to-CT

Unet

Leynes et
al. [51]

-

pelvic

MR-to-CT

residual CNNs

Chaudhari et
al. [46]

OAI [70]

knee

3T-to-7T MR

residual CNNs

Zend et al. [45]

Brainweb [71]
NAMIC [68]

brain

3T-to-7T MR

cascade CNNs

Xiang et al. [48]

-

brain

full-dose PET

CNNs with
reconstruction

Zhou et al. [72]

brain

cross-modality
MR

CNNs in wavelet
domain

Kang et al. [44]

head, chest
and
abdomen

full-dose CT

ISLES2015 [16]
BRATS2015 [14] brain
IXI [15]

BRATS2018[19]
low-dose
CT [73]

cross-modality
MR
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using the same learning strategy [42]. They outperformed many previous handcrafted
features applied methods. However, this patch-to-pixel/voxel prediction is low efficiency.
After FCNs was popular in pixel-wise generic image prediction tasks, it was extended in
MR-to-CT synthesis work [49]. By using the fully convolution structure, this model realizes the patch-to-patch learning and improves the synthesis efficiency. Based on FCNs,
different encoder-decoder and autoencoder architectures [43, 52, 63] were designed and
successfully applied to producing the same-size output. Moreover, to acquire the multiscale feature representations and mitigate the gradient vanishing issue, skip connections
were added into encoder-decoder structures as Unet-like models that conduct the globallevel synthesis [50, 51]. In addition, inspired by the shortcut connection in ResNet, residual learning was integrated into CNNs to handle the saturated accuracy caused by some
structures and further improved the synthesis performance [43, 45, 46]. The work in [48]
attempted to exploit cascade CNNs, which has a three-stage structure. For its second and
third stages, the initial input of the entire CNNs and the output from last stage are combined as the new input. In this way, the synthesis results can be polished. Whereas, it
needs more computational costs than the single model, and the improvement is limited
after stacking more stages. The CNNs proposed in [19] created an additional reconstruction path for each source modality to cooperate with more regularization during feature
extraction for synthesis. Different from the above CNNs directly processing input images/patches, the model in [44] takes in the image features from wavelet domain. It is
especially suitable for within-modality synthesis due to that it may actively reduce the
noise in wavelet domain shared by all the same-modality images.
Advanced GANs is the second group of deep CNNs popularly applied in medical image synthesis. It has an additional discriminator to differentiate the synthesized images
estimated from its generator and the corresponding target ground-truths. The related key
GANs based publications are collected and introduced in Table 2.2. Since medical image synthesis tasks need to condition on the given source images, the image-to-image
translation by cGANs is a more appropriate choice than the noise-to-image synthesis by
vanilla GANs. Most cGANs [57, 60, 64, 66] for medical image synthesis derive from
Pix2pix [30] due to its high synthesis quality on generic images. Their Unet-like generators perform well to apply the global-level synthesis, while their discriminators work as
PatchGAN classifiers to compete with the generators. With the PatchGAN architecture,
the discriminators can distinguish the image patches rather than the whole images are real
or fake, which helps to consider more style and texture details in images during the classification. After their generators and discriminators come to Nash equilibrium, the cGANs
are well trained and ready for synthesis. The generators in cGANs can be replaced by
other conventional CNNs. Both of the works [54] and [65] incorporated ResNet based
generators into the adversarial learning, but no significant improvement was brought up
by the replacement of generators. Besides, some cGANs involve more annotated object
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Table 2.2: GANs based medical image synthesis publications.

METHOD

PUBLICATION

DATASET

OBJECT

TASK

FCN-cGAN
(Pix2pix)

Ben et al. [57]

-

liver

CT-to-PET

cGANs (Pix2pix)

Yang et al. [66]

cGAN (Pix2pix)

Choi et al. [60]

BRATS2015 [14] brain
ADNI [74]

brain

MIDAS [75]
BRATS2015 [14] brain
IXI [15]

cross-modality
MR
PET-to-MR
cross-modality
MR

cGANs (Pix2pix)

Dar et al. [64]

cGANs (ResNet)

Emami et
al. [54]

-

brain

MR-to-CT

cGANs (ResNet)

Olut et al. [65]

IXI [15]

brain

cross-modality
MR

cGAN with
tumor label input

Bi et al. [58]

-

thorax

CT-to-PET

cGANs (two Gs
and four Ds)

Mok et al. [76]

BRATS2015 [14] brain

label-to-MR

cGANs with
CasNet generator

Armanious et
al. [59]

-

brain

PET-to-CT, MR
correction, and
PET denosing

cascade cGANs

Wei et al. [61]

-

brain

MR-PET

cascade cGANs
with gradient loss

Nie et al. [47]

ADNI [74]

brain and
pelvic

3T-to-7T MR
and MR-to-CT

cycleGAN

Chartsias et
al. [53]

MMWHS [77]

cardiac

CT-to-MR

cycleGAN and
UNIT

Welander et
al. [67]

Human Connectome [78]

brain

cross-modality
MR

cycleGAN with
segmentors

Zhang et
al. [56]

-

cardiac

MR-CT

cycleGAN with
gradient related
loss

Hiasa et al. [55]

-

musculoskeletal MR-to-CT
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information into the synthesis learning. The cGAN model in [58] added the tumor labels
and the source images together as the input of its generator to further condition the synthesis on different pathological cases. The work [76] directly synthesizes the target MR
images from the tumor labels without any source images. Because of the higher difficulty
of label-to-image synthesis, its cGANs consists of two generators and four discriminators.
The two generators conduct coarse and fine synthesis, respectively, and its four discriminators operate the discrimination at four image scales to enforce more constraints. Also,
similar to the conventional CNNs, cascade structure is exploited in cGANs to polish the
synthesis. Armanious et al. [59] introduced cascade Unet-like blocks in its generator, and
cascade cGANs were proposed in [47, 61] to promote the synthesis performance. In addition, other works [53, 55, 56, 67] followed cycleGAN [31] in medical image synthesis.
The structure of cycleGAN is built by two generators and two discriminators to conduct
unpaired generic image translation through the adversarial losses and reconstruction consistency loss. Among these medical image methods, the models in [53, 55, 56] are also
applied on unpaired synthesis. To give more control on these mappings, segmentation
labels are additionally exploited in [53, 56] so that the synthesized images contain more
pathological information. In the work [67], cycleGAN is modified to synthesize paired
images. Since its GANs needs two generators to complete the reconstruction cycle, more
computational sources are in demand during training. Moreover, image gradient related
losses are imposed in the training of GANs [47, 55], which helps their generators more
sensitive to the subtle changes of objects in the input medical images.
After reviewing the above deep CNNs based medical image synthesis approaches, it
can be summarized that GANs not only takes the advantages of flexible CNNs architectures in its generator to synthesize target images by seizing the essential features from
source images but also benefits from the adversarial mechanism that further enforce the
synthesized images resembling the real images. All the above CNNs based models have
not handled the data variation issue during the learning of their unified CNNs models.
Therefore, how to build a more effective GANs for cross-modality MR image synthesis
and how to further cope with the data variation to improve the synthesis performance of
GANs will be explored in the following chapters.

2.4

Deep CNNs based Per-voxel Classification on Medical Images

Medical image segmentation identifies the interested regions and delineates their contours
in medical images. Since the segmentation results delivery the crucial information about
the shape and volume related clinical parameters, the more effective and efficient automatic segmentation approaches are always under high demand. Recently, the deep CNNs
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models have been widely explored for medical image segmentation due to their advanced
performance. These deep CNNs are applied to two categories of segmentation tasks, i.e.,
organ or substructure segmentation and lesion segmentation.
In the organ or substructure segmentation, the target objects could be pancreas, liver,
prostate, kidneys, brain tissues, ventricles in cardiac images, and other substructures [5].
The location and appearance information of these objects assists the following computeraided diagnosis and treatment planning. This category of medical image segmentation
benefits from the similar locations of objects varying with the scanned images from different patients, especially in the registered images, but still requires the efforts to accurately depict the boundaries of objects. Tables 2.3 and 2.4 review the key relevant
publications for organ or substructure segmentation. As can be seen, the development of
using deep CNNs in this segmentation application started from introducing the classification models into the pixel-/voxel-wise labelling [79, 80, 82–85, 87–89]. These models
conducted patch-to-pixel/voxel segmentation. Each cropped patch from a given image
is taken as the input. After it is processed by convolutional and fully connected layers,
the CNNs will estimate the segmentation label of its center pixel/voxel. By moving the
sliding windows over the entire image, the final segmentation results can be predicted.
This approach is first applied by 2D CNNs to the axial slices of 3D medical images [79,
80, 82–85]. Then, 2.5D CNNs were proposed to extract the features from all the three
views of medical images [87–89]. The axial, coronal, and sagittal patch slices that have
the same center voxel are separately put into the three input pathways of these CNNs, and
then fuse their deep feature maps to estimate the label. With this strategy, the label annotation of each voxel can see the three views of its surroundings, so that more volumetric
information will be captured, and the segmentation accuracy will be improved. Besides,
some effective approaches that were demonstrated in generic image segmentation, like
multi-scale feature extraction, residual learning, and cascade structure, were integrated
into some of the above CNNs to further promote their segmentation performance [83–85,
89]. Whereas, directly applying the classification models to segmentation task results is
in low inference efficiency. The insufficient global-level information acquisition in these
classification models also lowers their segmentation performance. Therefore, FCNs that
succeeded in generating the same-size labels on the given generic images began to explore its applications in medical image segmentation. It has been extended to different
2D, 2.5D, and 3D variants in various tasks [91, 93–95]. Among them, to better delineate
the small objects, like pancreas, in relatively large images, bounding box was brought
into the segmentation task to realize coarse-to-fine estimation. Also, deep supervision
and residual learning strategies were used in [94, 95] to build more back-propagation
paths during training. In addition, following the successful Unet [8], CNNs with different
Unet-like structures were proposed for global-level segmentation [96–98, 102]. Some of
them not only took the advantages of both local and global feature representations from
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Table 2.3: Deep CNNs based organ or substructure segmentation publications: Part 1.

METHOD

PUBLICATION DATASET

OBJECT

MODALITY

2D CNNs for patch
classification

Farag et
al. [79]

-

pancreas

CT

2D CNNs for patch
classification

Li et al. [80]

SLiver07 [81]

liver

CT

2D CNNs for patch
classification

Thong et
al. [82]

-

kidneys

CT

2D multi-scale CNNs
for patch
classification

Moeskops et
al. [83]

-

brain

MR

2D multi-scale CNNs
for multi-task patch
classification

Moeskops et
al. [84]

-

brain,
breast, and
cardiac

MR

2D cascade
multi-scale CNNs
with residual learning
for patch
classification

Chen et
al. [85]

MRBrainS [86]

brain

MR

2.5D CNNs for patch
classification

Roth et
al. [87]

NIH-CT [87]

pancreas

CT

2.5D CNNs for patch
classification

Zreik et
al. [88]

-

cardiac

CT

2.5D multi-scale
CNNs for patch
classification

Brebisson et
al. [89]

multiatlas [90]

brain

MR

2D FCNs

Tran et
al. [91]

LVSC [92]

cardiac

MR

2.5D FCNs with
bounding box for
coarse-to-fine
prediction

Zhou et
al. [93]

NIH-CT [87]

pancreas

CT

3D FCNs with deep
supervision

Dou et
al. [94]

SLiver07 [81]

liver

CT

3D FCNs with
residual learning and
deep supervision

Yu et al. [95]

PROMISE12 [96] prostate

MR
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Table 2.4: Deep CNNs based organ or substructure segmentation publications: Part 2.

METHOD

PUBLICATION

DATASET

OBJECT

MODALITY

recurrent
Unet-like CNNs

Poudel et
al. [97]

LVSC [92]

cardiac

MR

3D Unet with
deep supervision

Zhu et al. [98]

-

prostate

MR

3D Vnet

Milletari et
al. [99]

PROMISE12 [96] prostate

MR

3D DenseNet
with early fusion
of
multi-modalities

Dolz et al. [100]

iSEG2017 [101]
and
MRBrainS [86]

MR

3D Unet-like
GANs

Jia et al. [102]

3D GANs with
deep supervision

Yang et
al. [103]

SLiver07 [81]

liver

CT

3D GANs with
dilated
convolution

Moeskops et
al. [104]

multi-atlas[90]

brain

MR

brain

PROMISE12 [96] prostate

MR

images, but also exploited the inter-slice spatial dependence on 3D medical images [97]
and more connections among neighboring and distant feature maps [99] to increase the
segmentation accuracy. Moreover, dense blocks and dilated convolutional layers were
incorporated into the architectures of CNNs from [100] and [104], respectively. They
enhanced the learning of hierarchical visual information for segmentation. Some CNNs
based GANs were also attempted [102–104]. Their generators produce the label maps
which are classified by their discriminators during training and get more realistic label
maps in their synthesis tasks.
The second category, i.e. lesion segmentation, consists of the tasks, such as liver lesion, brain lesion, and brain tumor segmentation. Compared with the organ or substructure segmentation, this application is more challenging since the target lesions always
have the arbitrary locations and various appearance varying from patient to patient. Thus,
hierarchically feature representations including the pathological information about local
content and global context should be learnt. Table 2.5 lists the key deep CNNs based lesion segmentation publications. In this segmentation application, the CNNs models also
experienced the development from using fully connected layers [6, 105] for patch classification to employing FCNs in directly predicting the 2D/3D labels for given patches [107,
108]. As a FCNs, the model, called DeepMedic, proposed in [107] won the first place in
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Table 2.5: Deep CNNs based lesion segmentation publications.

METHOD

PUBLICATION DATASET

OBJECT

MODALITY

brain
tumor

MR

brain
lesion

MR

2D multi-scale CNNs
for patch
classification

Havaei et
al. [6]

3D cascade CNNs for
patch classification

Valverde et
al. [105]

3D multi-scale FCNs
with CRFs

Kamnitsas et
al. [107]

2.5D FCNs with
parallel learning for
multi-modalities

Roy et
al. [108]

ISBIMS [106]

brain
lesion

MR

2D and 3D
DenseUnet with
hybrid feature fusion

Yang et
al. [103]

LiTS [109]

liver lesion

CT

2D cascade Unets
with CRFs

Christ et
al. [110]

-

liver lesion

CT

3D Unet

Nair et
al. [111]

-

brain
lesion

MR

3D Unet with residual
learning

Isensee et
al. [17]

BRATS2017 [19]

brain
tumor

MR

3D Unet with residual
learning

Isensee et
al. [112]

BRATS2018 [19]

brain
tumor

MR

3D Unet with
reconstruction branch

Myronenko et
al. [113]

BRATS2018 [19]

brain
tumor

MR

3D Unet with
three-branch units

Chen et
al. [114]

BRATS2018 [19]

brain
tumor

MR

3D Unet with dilated
multi-fiber units

Chen et
al. [18]

BRATS2018 [19]

brain
tumor

MR

3D ensemble Unet
and FCNs

Kamnitsas et
al. [115]

BRATS2017 [19]

brain
tumor

MR

3D ensemble CNNs
with attention

Zhou et
al. [116]

BRATS2018 [19]

brain
tumor

MR

BRATS2013 [14]
ISBIMS [106]

ISLES2015 [16] brain
and
lesion and
BRATS2015 [14] tumor

MR
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BRATS2015 challenge [107]. It has two feature extraction paths to process the two-scale
input patches and fuses their features to label their shared centered part. Since its inputs
are still the local patches, a fully connected CRFs was applied to help the labels for the
whole images more consistent. Whereas, the CRFs is a separate postprocessing step from
the deep learning, which leads that the improvement brought from the CRFs is not significant. Thus, the CNNs for global-level segmentation have been more explored. As mentioned, the Unet-like CNNs can capture both the local and global information together in
a single model, which is especially beneficial to locating the lesions with arbitrary shapes.
Therefore, recently, most outstanding works are based on Unet [17, 18, 111–115]. Among
them, Isensee et al. [17] build more connections among feature maps with residual learning as modified 3D Unet with 26 convolutional layers to enhance the pathological information extraction, which achieved the third place in BRATS2017 [19]. Its architecture
was also widened as No New-Net using more convolution kernels in each layer and won
the second place in BRATS2018 [19]. The first-place winner in BRATS2018 [19] is the
CNNs model called NVDLMED [113]. It cooperated an additional image reconstruction
branch with the common decoding path in Unet to learn more generalized object content in its encoding path for the final segmentation. The Unet-like model that was called
DMFNet from [18] attained the comparable tumor segmentation results with NVDLMED
in BRATS2018 dataset but only used about 1/10 parameters of NVDLMED. DMFNet replaced the common convolutional layers with the new dilated multi-fiber units in 3D Unet
to adaptively control its receptive field for the better segmentation. Also, S3S-Unet [114]
performed well in BRATS2018. It brought a three-branch unit into 3D Unet to replace
the traditional convolutional layers so that its trainable parameters could be largely reduced to increase the learning efficiency. Moreover, ensemble models were proposed
in [115, 116]. The multiple CNNs in the large models can complement with each other
and further enhance the generalization of learnt features. Kamnitsas et al. [115] integrated
Unet, FCNs, and DeepMedic together into its ensemble model and won the first place in
BRATS2017. Zhou et al. [116] additionally employed attention in the ensemble CNNs to
further improve the performance. However, training the ensemble CNNs requires more
computational resources due to their multiple models than a single model.
Overall, Unet-like CNNs that are able to conduct the global-level mapping have shown
better medical image segmentation performance, especially for the lesion involved images. However, all these CNNs have not addressed the significant visual variation among
all the images when learning their unified models. Thus, how to effectively mitigate the
variation issue and improve the performance of the unified Unet-like CNNs models for
brain tumor segmentation will be discussed in this thesis.
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Evaluation Metrics
Evaluation Metrics for Medical Image Synthesis

In the literature, three evaluation metrics are commonly used to measure the medical
image synthesis results [39, 63]. They are peak signal-to-noise ratio (PSNR), normalized
mean squared error (NMSE), and structural similarity index (SSIM) [117]. If denote the
real target image and its corresponding synthesized target image as y and ŷ, respectively,
PSNR and NMSE are used to measure the absolute differences between y and ŷ while
SSIM evaluates the image degradation from y to ŷ through calculating the local changes
of the perceived structural information.
PSNR is computed as follows:
PSNR(y, ŷ) = 10 log10

2
MAXrange
(y, ŷ)
−1
Nvoxel
ky − ŷk22

,

(2.9)

where the symbol Nvoxel means the entire voxel number in y or ŷ, and MAXrange (y, ŷ)
indicates the maximum intensity range of y and ŷ. Thus, the synthesis accuracy can be
measured by PSNR in the logarithmic axes. Its higher resulting value shows the higher
synthesis quality of ŷ.
NMSE can be calculated as follows:
NMSE(y, ŷ) =

ky − ŷk22
.
kyk22

(2.10)

The NMSE metric is applied to measure the voxel-wise distance between the intensities
of y and ŷ. Its lower value indicates the better synthesis.
SSIM is defined in the following:
SSIM(y, ŷ) =

(2µy µŷ + c1 )(2σyŷ + c2 )
,
2
(µy + µŷ2 + c1 )(σy2 + σŷ ŷ2 + c2 )

(2.11)

where the symbols µy , µŷ , σy , and σŷ denote the means and variances of image y and ŷ,
respectively, and σyŷ means the covariance of y and ŷ. Higher SSIM values validate the
better synthesis.
Following the literature, the above three measures will be used in this thesis to evaluate
the synthesis performance of the proposed GANs models.

2.5.2

Evaluation Metrics for Medical Image Segmentation

Most works in literature [14] employed two measures, i.e, Dice score and Hausdorff distance, to evaluate their segmentation performance. Dice score can show the overlapped
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regions between the groundtruth and the segmented results, while Hausdorff distance can
compute the surface distance between their segmentation boundaries. Here, the binary
groundtruth map of a target object is denoted by T ∈ {0, 1}, and the predicted segmentation map of the object is P ∈ {0, 1}. The value 1 means that this voxel belongs to this
object in the map. In contrast, 0 denotes that the voxel is in the background. To better
give the definitions of the two metrics, T1 and P1 are used to represent the sets of voxels
where T = 1 and P = 1, respectively.
The Dice score metric is calculated as:
Dice(T, P) =

2|T1 ∧P1 |
,
(|T1 | + |P1 |)

(2.12)

where | · | indicates the number of voxels in its inner set, and symbol ∧ denotes the logical
operator AND. The higher Dice score means more accurate segmentation of P.
The definition equation of Hausdorff distance is following:
Hausdorff(T, P) = max{ sup inf d(t, p), sup inf d(p,t)},
t∈ϑ T1 p∈ϑ P1

p∈ϑ P1 t∈ϑ T1

(2.13)

where ϑ T1 and ϑ P1 are the surfaces of T1 and P1 , respectively, and d(t, p) is the leastsquares distance between the point t and the point p, and vice versa. Besides, sup and
inf correspondingly mean supremum and infimum. Thus, the lower Hausdorff distance
indicates better segmentation.
In the following part of this thesis, the above two metrics will be employed to measure
the segmentation performance.

Chapter 3
3D cGAN for Cross-modality MR
Image Synthesis
The existing CNNs based GAN models have achieved promising performance in pervoxel regression tasks on medical images, such as cross-modality brain MR image synthesis. To meet the higher requirement of synthesis quality, more advanced and effective GANs that can seize the local details about the 3D nature of objects and the global
image contextual information are still in high demand. This chapter develops a GAN
model based on the 3D CNNs architecture to synthesize the target-modality MR images
from their corresponding source-modality images. Moreover, a local adaptive mapping
approach is explored to further polish the synthesized target-modality images from the
GAN model.

3.1

Introduction

MRI, which can produce different modalities of images by setting task-specific scanning
parameters, has been broadly exploited in medical image analysis [118, 119]. During
the analysis, the images from multiple MR imaging modalities (e.g., T1-weighted, T2weighted, and FLAIR) are processed together, since each modality shows unique soft
tissue contrast. For example, multi-modality MR images have been collectively utilised
to study the neuroanatomy of human brains for disease diagnosis [120] or therapy planning [121]. The complementary information from multi-modalities demonstrates better
predictive power than that from a single imaging modality. Also, the benefits of using
multi-modality MR images for brain lesion segmentation have been widely recognised
[6, 107]. At the same time, due to modality missing and modality inconsistency between different clinical centers [63], the high demand of employing multiple MR imaging
modalities for analysis is not always met in clinic and research, which adversely affects
the quality of diagnosis and treatment. Therefore, cross-modality MR image synthesis
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has recently aroused increasing research interest, and more and more investigations have
been conducted to cope with the limitation of insufficient modalities in clinic and research
[40, 41].

3.2

Motivation

Recently, conditional Generative Adversarial Network (cGAN) [29] has demonstrated itself to be a promising method for image synthesis. Different from traditional learning
based methods, cGAN consists of two modules, a generator to learn the mapping for realistic images and a discriminator to distinguish the real and the synthesized images. By
training the two modules to beat each other, cGAN has achieved excellent performance on
medical image synthesis, as shown in [57, 122]. Nevertheless, these methods synthesize
each individual slice independently along the axial direction and then concatenate them
into a 3D image. This results in discontinuous estimation along the coronal and the sagittal directions. However, image information along these two directions are also crucial
for medical image synthesis and analysis. Although some recent work [123] applies 3D
cGAN to predict small patches to eliminate the discontinuity caused by 2D estimation,
learning on small patches is insufficient to extract both local and global contextual relationship among voxels, and could hurt the synthesis of brain tumor images, as shown in
section 3.4.
In this chapter, we propose a 3D cGAN model for MR image synthesis. It mitigates
the problem of discontinuous estimation across slices caused by the 2D cGAN in the
current literature. By considering large image patches and hierarchical features from
skip connections, our 3D cGAN model could better synthesize MR images by taking
contextual information into account. Moreover, to further improve the synthesized MR
images for the segmentation task, a local adaptive synthesis method is proposed, which
better depicts the local details of the synthesized MR images. Therefore, our method
consists of both a global non-linear mapping and a local linear mapping from sourcemodality to target-modality MR images. The global non-linear mapping determines the
similarity of synthesized images to real target-modality images at the whole image level,
which is estimated by our proposed 3D cGAN model. The local linear mapping further
improves the local details from source-modality images. We also evaluate the quality of
synthesized MR images for an image recognition task, i.e., brain tumor segmentation.
The synthesized target-modality images are utilized to help brain tumor segmentation
from their corresponding source-modality images via training a CNNs that considers two
imaging modalities jointly. The effectiveness of the proposed method is demonstrated on
the public dataset 2015 Brain Tumor Segmentation Challenge (BRATS) [14].
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Proposed Method

Our proposed cross-modality MR image synthesis framework generates target-modalitylike images from source-modality images by a 3D cGAN model and a following local
adaptive fusion to cater for the similarity at both whole image and local patch levels.
The final synthesized target-modality images, together with source-modality images, are
processed by a two-pathway 3D CNNs model to segment brain tumor. Its results can be
also used to evaluate the synthesis quality of target-modality images.

3.3.1

3D cGAN

…

Real or synthesize pair?

…
128

3

1283

Source-modality
Generator

Discriminator

Synthesized
target-modality
pair
1283

Real target-modality pair

convolutional block
copy and concatenate
up-convolutional block

Figure 3.1: The proposed framework of 3D cGAN. It consists of a generator G and a
discriminator D.

The framework of the proposed 3D cGAN is illustrated in Figure 3.1. Large patches
(128×128×128), rather than a whole image (240×240×155) are used as the input of
our model to deal with the limited number of training samples, as well as controlling the
number of parameters to learn. The basic idea and detailed architecture of our 3D cGAN
are presented as follows.
Basic Ideas
The original GAN [27] consists of two modules, the generator G and the discriminator D,
struggling with each other to synthesize images G(z) resembling real images y from the
random vector z and meanwhile distinguish y from G(z). cGAN has extended the original
GAN to capture auxiliary information x in both the generator G and the discriminator D.
For our cross-modality image synthesis, x is the source-modality MR images that are
the input to synthesize target-modality-like images G(y). The real pair (x, y) and the
estimated pair (x, G(x)) are differentiated by the discriminator D. The generator G and
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the discriminator D are trained simultaneously, as if they are following a two-player minmax game with the following objective:
min max LcGAN (G, D) = Ex,y∼pdata (x,y) [log D(x, y)] + Ex∼pdata (x) [log (1 − D(x, G(x)))],
D
G
(3.1)
where G(·) and D(·) denote the outputs of the generator and the discriminator, respectively.
Furthermore, to ensure the voxel-wise similarity between the synthesized and the real
images, an L1-norm penalty [30] is also utilized and formulated as follows:
LL1 (G) = Ex,y∼pdata (x,y) [kx − G(y)k1 ].

(3.2)

Combining cGAN objective and L1 loss, the final objective function is formulated as:
Ltotal = arg min max LcGAN (G, D) + λ LL1 (G),
G

D

(3.3)

where λ is a hyperparameter to balance the two terms.
Detailed Architecture
input image
128×128×128

output image
128×128×128

conv block (N)
Conv (N×4×4×4) Stride 2

conv block (64)

up-conv block (128)

conv block (128)

up-conv block (128)

conv block (256)

up-conv block (256)

conv block (512)

up-conv block (512)

conv block (512)

up-conv block (512)

conv block (512)

up-conv block (512)

conv block (512)

up-conv block (512)

Contracting Path

Expanding Path

Batchnorm LeakyReLU

up-conv block (N)
Conv (N×4×4×4) Stride 1/2
Batchnorm ReLU

Figure 3.2: Generator architecture. All the convolutional and up-convolutional blocks
contain convolutional, batch normalization, and ReLU layers. In addition to these three
layers, drop-out is applied to the first three blocks on the expanding path. Batch normalization is not used in the first block of the contracting path. Dashed lines mean the skip
connections between contracting and expanding paths by copy and concatenation. The
slope of LeakyReLUs is 0.2.
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input pair (C=2) or triplet (C=3)
C×128×128×128
conv block (64)

conv block (N)
Conv (N×4×4×4) Stride 2
Batchnorm LeakyReLU

conv block (128)
conv block (256)
conv block (512)
Conv (1×1×1×1)
Sigmoid

Real or Synthesised

Figure 3.3: Discriminator architecture. Convolutional, and LeakyReLU layers with the
slope of 0.2 are applied to all conv blocks. Batch normalization is not used in the first
blocks of D.

Unet, as a CNNs-based model, has been proposed to analyze whole images or large
image patches in the literature [8]. It acquires global contextual information from the
input and ensures the spatial contiguity of the output. The typical characteristic of Unet
architecture is the contracting and expanding paths with multiple skip connections between them. Using this structure, Unet can capture the hierarchical features of an input
image, and mitigate the gradient vanishing caused by the long backpropagation when
training deep networks [8]. It has been extended into 3D variants to better deal with 3D
medical images [99, 124]. To benefit from the structure of Unet, we design the generator of Ea-GANs as a 3D Unet-like network. It is symmetric with seven convolutional
(conv) blocks in its contracting path and seven up-convolutional (up-cov) blocks in its
expanding path. Between each conv block and the corresponding up-conv block, skip
connection is applied to capture multi-depth information of source-modality images effectively. The specific construction of this generator is shown in Figure 3.2. Coupled
with a five-convolutional-layer 3D discriminator (including Sigmoid function), it constitutes our proposed 3D cGAN for target-modality image synthesis from source-modality.
The detailed architecture of the proposed discriminator is illustrated in Figure 3.3.

3.3.2

Subject-specific Local Adaptive Fusion

In this chapter, our ultimate goal is to synthesize the target-modality images that could
help boost the segmentation performance of brain tumor. This puts forward higher requirements on the quality of the output images compared with those synthesis methods
merely focusing on improving PSNR (peak signal-to-noise) in the literature. Our task is
more challenging due to two factors. First, the pathology involved in source-modality
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MR images significantly increases the difficulty of the synthesis task, since brain tumor
varies in appearance, size and location. This is in contrast to the image synthesis for
healthy subjects commonly seen in the literature. Second, synthesizing target-modality
images only from source-modality has limits, since source-modality seems lack of some
information observed in target-modality. For example, the diffuse changes in FLAIR images around tumor regions are not easily seem in T1 images, which may adversely affect
the segmentation results. Therefore, in addition to our 3D cGAN, we propose to further polish the local details of our synthesized images through linearly combining the real
target-modality images of the training set for approximation, and the combination weights
are estimated from the target-modality-like images output by our 3D cGAN model. This
approach is feasible because our target-modality-like images resemble the real ones so
that their combination weights are highly correlated. Our method is both local and adaptive. “Local” means the combination weights vary with different locations in an image.
“Adaptive” means the combination weights also change with different subjects.
Specifically, for a test subject that has only source-modality MR image, we partition
its target-modality-like image from our 3D c-GAN into non-overlapping small patches
(16×16×16) and approximate each patch Ste,gan by the convex combination of the training patches Str,gan
, Str,gan
. . . , Str,gan
(Ntr denotes the number of training subjects) from the
Ntr
1
2
target-modality-like images at the same location. This is achieved by solving the following optimization problem:
Ntr

min k ∑ wi Str,gan
− Ste,gan k22 , s.t. ∑ wi = 1, wi ≥ 0.
i
w

(3.4)

i=1

The convex combination in Equation 3.4 assigns high weights to only a few very similar
training patches, and near-zero weights to those dissimilar ones.
Due to the resemblance of our FLAIR-like images and the real ones, the above learned
combination weights are further used to polish Ste,cc by linearly combining the real FLAIR
tr
tr
image patches Rtr
1 , R2 . . . , RNtr at the same location in the training set:
Ntr

Ste,cc = ∑ wi Rtr
i .

(3.5)

i=1

Please note that the linear combination gives even better results than local non-linear
mapping as shown in our experimental study. Although this convex combination imputes
some artefacts that affect the appearance of the synthesized images, it proves to be an
effective strategy to improve the segmentation, which is our ultimate target.
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Brain Tumor Segmentation Model

To effectively segment brain tumor with the synthesized target-modality-like and sourcemodality MR images, we utilize an 11-layer, two-pathway 3D CNN segmentation model,
DeepMedic [107], which achieves the state-of-the-art performance on brain tumor segmentation. The first pathway extracts small patches (17×17×17) with normal resolution.
The second one processes context in low-resolution patches (19×19×19) down-sampled
from the actual area of size 51×51×51. Using this two-pathway structure can investigate
different scales of input MR images to cater for both local and contextual image features.
In this chapter, the above segmentation model takes two channels of input: sourcemodality and target-modality. We train the model in two steps. In the first step, the sourcemodality and real target-modality images of the training samples are used for training in
the usual way. Then, in the second step, this model is further fine-tuned with the sourcemodality and our synthesized target-modality images of the training samples. The finetuning is essential because for a given test sample, it is the synthesized target-modality
image rather than the real unknown target-modality image that is used for segmentation.
Please note that, the target-modality-like image of a training sample is generated by 3D
cGAN and the local patch combination (section 3.3.2) using all the training samples excluding itself.

3.4
3.4.1

Experimental Result
Data and Experimental Setting

We evaluate our framework on the data set BRATS 2015 [14]. It consists of 274 subjects
with the image size 240×240×155 and four modalities: T1, T1C, T2 and FLAIR. Tumors
are annotated as: 1) necrotic core, 2) edema, 3) non-enhancing and 4) enhancing core. We
randomly select 230 subjects as training samples, and the rest as our test set. For each
sample, two modalities, T1 and FLAIR, are used. The whole tumor and the tumor core
part (classes 1,3,4) are segmented. We linearly scale the original intensity values in all
images to [−1, 1] according to [107], without any additional contrast.
The learning rate of our 3D cGAN is fixed as 0.0002 in the first 100 training epochs
and then linearly decays to zero in the next 100 epochs. Adam solver with batch-size six
is applied, and λ is fixed as 300 when training 3D cGAN. Fine-tuning the segmentation
model is executed with 15 epochs.
We evaluate our method from both the synthesis quality and the tumor segmentation
performance. In this chapter, to evaluate synthesis quality, we use PSNR and normalized
mean squared error (NMSE) to measure only the brain part and tumor part of images.
To evaluate segmentation performance, we report dice scores (DSC) for both the whole
tumor and the tumor core part.
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Results and Discussion
T1

I: 2D cGAN

II: 3D cGAN(32) III: 3D cGAN(128) Ground truth

Axial

Coronal

Sagittal

Figure 3.4: Visual comparison of the synthesized FLAIR images by 2D cGAN, 3D
cGAN (32) and 3D cGAN (128). Discontinuity in the coronal and sagittal slices (in the
yellow circles) is significant when using 2D cGAN. 3D cGAN (32) performs worse in
the tumor region (in the red circles) when compared with 3D cGAN (128).

Ground truth
T1
(a)
DSC 69.36%

Proposed
DSC 81.99%

Whole

(c)

Proposed
DSC 75.52%

Whole

DSC 57.31%

Core

Ground truth
T1
(b)
DSC 59.69%

DSC 68.77%

(d)

DSC 65.32%

DSC 70.25%

Core

Figure 3.5: Four patients of the segmented whole tumor and core parts by single T1
modality and our proposed method.

To evaluate the effectiveness of our proposed method, we compare it with I: 2D cGAN
on the whole zero-padded axial slices (256×256) [30], II: 3D cGAN on small patches
(32×32×32), III: our proposed 3D cGAN on large patches (128×128×128), IV: local
non-linear mapping (3D cGAN on 32×32×32-size patches) applied after the method III,
and V: whole-image refinement by concatenating 3D cGANs like [123]. Note that the
method III and V are the reduced variants of our proposed method. They are compared
in this experiment to better demonstrate the effectiveness and advantage of the proposed
method. Performance of the above-mentioned methods on the image synthesis and tumor
segmentation is summarized in Table 3.1.

I: 2D cGAN
II: 3D cGAN (32)
III: 3D cGAN(128)
IV: 3D cGAN (128)+3D cGAN(32)
V: 3D cGAN (128)+3D cGAN (128)
T1
T1+real FLAIR (ideal scenario)
III+local adaptive fusion)

Methods

Synthesis quality (PSNR/NMSE%)
brain
tumor
19.45/25.17
17.70/15.10
19.53/25.12
18.09/13.05
20.45/25.08
19.13/12.68
19.94/24.99
18.73/13.45
20.23/.......
25.52
19.11/12.85
N.A.
N.A.
20.68/22.67
19.27/11.86

Segmentation performance (DSC%)
whole tumor
core
59.83
66.59
.......
52.06
50.02
66.35
72.09
......
66.61
72.14
......
66.59
67.83
......
67.18
63.00
82.17
85.49
68.23
72.28

Table 3.1: Quantitative evaluation results of the synthesized brain and brain tumor segmentation. Numbers with underline indicate they are statistically
significantly different from our proposed method (III+local adaptive fusion), according to a two-sided, paired t-test ( solid line p < 0.05, dotted line
p < 0.1)
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From Table 3.1, it can be seen that the synthesized images by our method show the
best quality with the highest PSNR and the lowest NMSE. This result is better than that
of the 2D cGAN and all other 3D cGAN settings. Also, as shown, all the 3D cGAN
based methods outperform the 2D cGAN in terms of synthesis quality, indicating the
importance of considering 3D information during image synthesis. In addition, using the
concatenated 3D cGANs (V) cannot further improve the synthesis results. Figure 3.4
shows an example of the visual comparison between the synthesized FLAIR-like images
by I, II and our 3D cGAN (III). When looking into the coronal and sagittal slices, it is
found that the discontinuity along these two directions is more significant in I than in II
and III. Furthermore, it can be seen that using large patches as in our proposed 3D cGAN
(III) can better synthesize the tumor parts than II that uses small patches.
The above observations are further supported by the segmentation performance in Table 3.1. Again, our method achieves the highest dice score of 68.23%, which is more
than eight percentage points higher than that of the 2D cGAN. Our performance is also
better than III that merely uses our 3D cGAN, indicating the essence of employing the
proposed local adaptive fusion strategy. It is worthy noting that our method also beats
IV that utilizes local non-linear fusion rather than our local linear one, in both synthesis
and segmentation performance. And either non-linear or linear local fusion can further
improve the results of 3D cGAN.
Table 3.1 also gives the dice scores of using the single modality of T1. As shown,
jointly considering T1 and our synthesized FLAIR images can improve the tumor core
part segmentation from 63% to 72.28% (ours wins in 33 subjects, and loses in 11 subjects), and the whole tumor segmentation from 67.18% to 68.23% (ours wins in 28 subjects, and loses in 16 subjects) compared with using T1 only. This suggests that our
synthesized FLAIR-like images may carry complementary information about the soft tissue changes, which is helpful for T1-based brain tumor segmentation. Figure 3.5 displays
four patients of the segmented whole tumors and core parts by T1-only method and our
proposed one. As shown, when using T1 images only, some healthy brain tissues are segmented as parts of tumors (in the red circle) and some tumor core parts (indicated by the
red arrow) are missing. The results are improved when our additional synthesized FLAIR
images are jointly considered. In addition, in the ideal scenario, when the real FLAIR
images are available with T1, the dice score could go up to 82.17%, indicating the large
potential of our research direction.
In summary, both the visual and quantitative results demonstrate the capacity of our
method in synthesizing FLAIR images from T1, and the benefits of using our synthesized
FLAIR images to improve T1-based brain image segmentation, especially for tumor core
parts.
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Conclusion

Multi-modality MR images are crucial to achieve accurate brain tumor analysis. This
chapter investigates how to synthesize high-quality target-modality MR images from the
given source-modality. Through using the Unet-like generator, the proposed 3D cGAN
model possesses the learning ability of extracting both local and global image feature
representations in the global-level synthesis. With the 3D structures in its generator and
discriminator, it can conduct the continues estimation along all the three dimensions of
MR images. Also, the local adaptive fusion scheme further boosts the synthesized image
quality. The proposed method outperforms 2D cGAN model for the cross-modality brain
MR image synthesis task.

Chapter 4
Edge-aware GANs for Cross-modality
MR Image Synthesis
For the cross-modality MR image synthesis task, the 3D cGAN model from Chapter 3 performs better than the 2D GAN that is usually applied on generic images. However, similar
to other state-of-the-art GAN models, it only attempts to minimize the pixel-/voxel-wise
intensity difference between the synthesized and the real images. For accurate brain image analysis, the visual information of brain structure in MR images is vital. Thus, this
chapter proposes to preserve this information during the synthesis. Specifically, novel
3D edge-aware cGANs that are trained by two different adversarial learning strategies to
additionally ensure the brain structure preservation, are studied for the global-level MR
image synthesis.

4.1

Motivation

The CNNs based cGANs have well performed in generic image synthesis [30, 31]. Very
recently, cGAN-based image synthesis models have also been applied to medical images,
such as retinal images [125–127], CT images [55, 122, 128], PET images [58, 129], MR
images [47, 60, 64, 66, 130–134], ultrasound images [135], and endoscopy images [136].
Most of these methods follow the work in [30] to simply minimize the pixel/voxel-wise
difference between the synthesized and real images. This neglects the structural content
in an image, such as the textures or shapes of objects, leading to less sharp synthesized
images. The GAN model in [47] imposes additional constraints on the gradient similarity
between real and synthesized images so that the sharpness of the synthesized images
could be enhanced. Although this work is close to the proposed cGAN in this chapter,
their fundamental differences will become clearer with the unfolding of the proposed
model.
This thesis proposes edge-aware generative adversarial networks (Ea-GANs) to further
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overcome the slice discontinuity and the less sharp synthesis problems in most of existing
cGAN models for medical image synthesis. Our methods are 3D-based, and they extract
both voxel-wise intensity and image structure information to facilitate synthesis. Since the
information about local content and global context is crucial in the per-voxel prediction
tasks, we design a Unet-like generator in the proposed Ea-GANs to exploit more effective
feature representations about this information. More importantly, to capture the image
structure details, we extract the edges that contain critical textural information for visual
recognition [6, 137, 138], and integrate the edge maps with the adversarial learning in
the cGAN model to boost synthesis quality. Specifically, two frameworks, a generatorinduced Ea-GAN (gEa-GAN) and a more advanced discriminator-induced Ea-GAN (dEaGAN), are proposed to learn Ea-GANs via different learning strategies. Note that, our
method is significantly different from the gradient loss based method in [47]. The edge
information provided by the Sobel operator is less sensitive to noise and favours nearer
neighbours, compared with the direct use of gradient information. More importantly, the
gradient information in [47] was only used in the objective function of the generator,
but not involved in the adversarial learning like our dEa-GAN. The latter, however, is
proven to be a very effective strategy to improve the synthesis quality. The Ea-GANs is
validated on two datasets of MR images containing brain lesions and skulls, respectively.
The effectiveness of the proposed methods is validated by comparing them with a set of
state-of-the-art image synthesis methods [30, 41, 63]. Moreover, to show the generality of
our edge-aware approach, we also test the 2D variant of the dEa-GAN on multiple generic
2D image synthesis tasks, which demonstrates consistent improvements over the methods
in comparison.

4.2

Proposed Ea-GANs

Most existing cGANs models, like Pix2pix [30], focus on the pixel-to-pixel/voxel-tovoxel image synthesis. They usually enforce the pixel/voxel-wise intensity similarity
between the synthesized and real images. However, they ignore the structure of image
content, such as the textural details in a MR image [139]. Since edges reflect the local
intensity changes and show the boundaries between the different tissues in a MR image,
maintaining edges can capture the textural structure of image content and help sharpen the
synthesized MR images. Especially, when lesions are contained in MR images, the edge
information helps differentiate the lesion and the normal tissues, and contributes to better depicting the contour of abnormal regions, e.g. gliomas tumors in brain MR images
[140] (shown in the zoomed parts of Figure 4.1). To enforce edge preservation during
MR image synthesis, we add an extra constraint based on the similarity of the edge maps
from synthesized and real images. The edge maps are computed using the commonly
used Sobel operator due to its simplicity, and its derivative can easily be computed for the
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(b) Edge map of FLAIR
Image

Figure 4.1: A brain FLAIR image (left), and the corresponding edge map (right) after
the 3D Sobel edge detection. The contour of abnormal tissues can be depicted clearer by
the edge map, which is shown as the zoomed regions.

(a) Fi

(b) Fj

(c) Fk

Figure 4.2: The three-dimensional Sobel operator includes three kernels as Fi , Fj , and
Fk , respectively. The size of each kernel is 3 × 3 × 3. Each empty cube without any
number on its surface means the value of zero in the corresponding position of kernel.
Similarly, the numbers in the blue or green cubes are the positive and negative values of
three kernels.

backpropagation.
As shown in Figure 4.2, three Sobel filters, Fi , Fj , and Fk , are used to convolve an image
A to generate three edge maps corresponding to the intensity gradients along i, j, and k
directions, respectively. Then, these three edge maps are merged into a final edge map
S(A) by the following equation:
S(A) =

q
(Fi ∗ A)2 + (Fj ∗ A)2 + (Fk ∗ A)2 ,

(4.1)

where ∗ means the convolution operation.
Based on different strategies to utilise the edge maps, two frameworks, i.e., gEa-GAN
and dEa-GAN, are proposed (as shown in Figure 4.3). Each of them consists of three
modules, a generator G, a discriminator D, and a Sobel edge detector S. The details of
these two frameworks are presented as follows.
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Synthesised edge map

Synthesised pair
Edge Detector

imitate

!

Fi Fj Fk

Source-modality
Real edge map
Discriminator

copy and concatenation

!

gEa-GAN

Real
or Synthesised ?

Real pair

Generator

Source-modality

Synthesised triplet

!

Synthesised
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Edge Detector
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!
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or Synthesised?
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Figure 4.3: Frameworks of Ea-GANs. Both gEa-GAN and dEa-GAN include a generator G, a discriminator D, and a Sobel edge detector S. The generator G is trained
to synthesize a realistic target-modality image with its edge map detected by the Sobel
edge detector S, while the discriminator D is learned to distinguish between the synthesized and real pair/triplet for sharp synthesis. In the back-propagation step of training,
the generator G of gEa-GAN is affected by the gradients from the dissimilarity between
the synthetic and real edge maps, while both generator G and discriminator D of dEaGAN are affected by the detected edge maps. The detailed architectures of generator and
discriminator are given in Figures 3.2 and 3.3 of Chapter 3.

Generator-induced Ea-GAN
For cross-modality MR image synthesis task, a source-modality image x ∼ pdata (x) and
a target-modality image y ∼ pdata (y) are scanned on the same subject with different contrasts. The generator G of the proposed gEa-GAN aims to synthesize target-modality-like
images G(x) that can fool its discriminator D by training with the adversarial loss. Also,
the L1-norm penalties are applied through G to discourage the dissimilarity between the
real and synthesized images, and between their edge maps extracted by the Sobel edge
detector S. The constraint of edge map similarity is totally ignored in the cGAN, like
Pix2pix, reviewed in Section 2.2. In this way, both of the voxel-wise intensity similarity
and the edge similarity are enforced during the synthesis. Accordingly, the objective of
its generator G is defined as follows:

G
LgEa−GAN
= Ex∼pdata (x) [log (1 − D(x, G(x)))+

λl1 Ex,y∼pdata (x,y) [ky − G(x)k1 ]+
λedge Ex,y∼pdata (x,y) [kS(y) − S(G(x))k1 ],

(4.2)
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where the hyper-parameters, λl1 and λedge , are used to balance the three terms in Equation 4.2.
Following that in Pix2pix [30], the objective function of the discriminator D is defined
as follows:

D
LgEa−GAN
= −Ex,y∼pdata (x,y) [log D(x, y)] −

Ex∼pdata (x) [log (1 − D(x, G(x)))].

(4.3)

Finally, the gEa-GAN integrates its generator G and discriminator D together by training these two modules simultaneously with the following objective:
G
D
LgEa−GAN = LgEa−GAN
+ LgEa−GAN
.

(4.4)

Discriminator-induced Ea-GAN
The gEa-GAN enforces the voxel-wise intensity similarity and the edge similarity by its
generator for image synthesis. However, as the edge term only appears on the generator
side, edge information is not perceived by the discriminator. Inspired by the mechanism
of adversarial learning between the generator and discriminator, we further propose a
dEa-GAN framework to incorporate the edge maps into this battle. Both generator and
discriminator could benefit from the synthesized image and its edge map. Thus, the discriminator is also able to utilize the edge details to differentiate the real and synthesized
images, and this in turn enforces the generator to produce the better edge details for synthesis.
Similar to the gEa-GAN, the generator G in the dEa-GAN model is trained using the
adversarial loss, the voxel-wise intensity difference loss, and the edge difference loss for
synthesis, according to the following objective:

G
LdEa−GAN
= Ex∼pdata (x) [log (1 − D(x, G(x), S(G(x)))) +

λl1 Ex,y∼pdata (x,y) [ky − G(x)k1 ] +

(4.5)

λedge Ex,y∼pdata (x,y) [kS(y) − S(G(x))k1 ].
Compared with the gEa-GAN model, the edge map S(G(x)) also implicitly appears in the
first term of Equation 4.5 through the output of the discriminator D.
The objective of the discriminator D now becomes:

D
LdEa−GAN
= −Ex,y∼pdata (x,y) [log D(x, y, S(y))] −

Ex∼pdata (x) [log (1 − D(x, G(x), S(G(x)))].

(4.6)
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As can be seen, the discriminator takes a triplet as its input by adding the edge map
S(G(x)) or S(y). For a synthesized triplet composed of x, G(x), and S(G(x)), the label is
zero; for a real triplet composed of x, y, S(y), the label is one. The discriminator tries to
differentiate these two types of triplets.
Again, the final objective of this dEa-GAN model is:
G
D
LdEa−GAN = LdEa−GAN
+ LdEa−GAN
.

4.2.1

(4.7)

Detailed Architectures

The proposed two Ea-GANs are three-dimensional to capture the local and global contextual information along all three directions. Both of them consist of three modules, the
generator G, the discriminator D, and the edge detector S. Among these three modules, the
edge detector S is the Sobel operator, and the generator and discriminator are built upon
CNN architectures to extract deep features from images. Due to limited GPU memory and
the required training batch-size, we utilize large overlapped patches (128 × 128 × 128)
rather than a whole image to train our Ea-GAN models, which could provide a sufficient
number of samples to train a good model. Our generator and discriminator in Ea-GANs
share the same architectures with those in 3D cGAN from Chapter 3 (Figures 3.2 and
3.3), except the first layers of their discriminators. For the proposed gEa-GAN model, the
input of its discriminator is a pair of images, so the discriminator takes in two channels of
3D large patches. Meanwhile, the dEa-GAN model processes triplets with three channels
of 3D large patches. Thus, the designed discriminators vary in the two Ea-GAN models,
the gEa-GAN and the dEa-GAN, by their first layers to involve the different numbers of
input channels, which are two for gEa-GAN and three for dEa-GAN.

4.2.2

Implementation

When training a GANs model, a common issue is that it can become unstable or even
experience a mode collapse easily [141]. For example, the discriminator tends to be more
powerful than the generator, which is reflected by different decreasing speeds of their loss
functions. In this case, the whole model is unstable, and cannot synthesize high-quality
images. Many techniques have been discussed in [141] to improve the stability of training
the GAN models. In our work, we consider two strategies. First, the labels used by the
discriminator are smoothed to raise the difficulty of differentiation, and further reduce the
vulnerability of adversarial learning. For a synthesized pair/triplet, the target label of the
discriminator is set as a random number between 0 and 0.3, while for real pair/triplet, the
target label is set as a random value between 0.7 and 1.2, inspired by [142]. In this way,
the task of discriminator becomes more challenging to match the difficulty of the task of
generator, so that the adversarial training becomes balanced.
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The second strategy is used to better utilize the edge information in MR images. At the
initial stage of training, the quality of the extracted edge maps, which highly relies on the
generated images, is not good enough to effectively guide the synthesis. To mitigate this
issue, the value of the hyper-parameter λedge is initially set to be small and then gradually
increased to adjust the importance of edge information. Specifically, we linearly increase
λedge from zero to 100 in the first 20 epochs, and then fix it at 100 in the following epochs.
In this way, the Ea-GANs can effectively utilize the edge information to synthesize sharp
and realistic target-modality-like images.

4.3
4.3.1

Experimental Results
Dataset and Experimental Setting

We use two datasets, i.e. the brain tumor contained BRATS2015 [14] and the non-skull
stripped IXI [15], to evaluate two proposed Ea-GANs.
The BRATS2015 dataset consists of 274 subjects with four modalities of co-registered
MR images: T1-weighted (T1), T1-weighted and contrast-enhanced (T1c), T2-weighted
(T2) and FLAIR, with the image size 240×240×155 (voxels). In this chapter, we use T1
as the source-modality since it is the most commonly used modality for structural imaging, and test two synthesis tasks with FLAIR and T2 as the target-modality, respectively.
Note that, different from Chapter 3, this chapter applies five-fold cross-validation to effectively evaluating different methods on the entire dataset. For each cross-validation split,
we divide the dataset into a training set (consisting of 4/5 samples) and a test set (consisting of 1/5 samples). The original intensity values of all used images are linearly scaled to
[−1, 1] without any additional contrast change before processed by Ea-GANs. For each
image, eight large patches (size: 128 × 128 × 128) are extracted, and the overlapped regions are averaged to form the final estimation. Note that, in order to increase the number
of training samples, we use large patches rather than whole images for training, which is
essentially different from voxel-wise regression used in the traditional small patch-based
synthesis methods.
The IXI dataset includes 578 subjects of the non-skull stripped brain MR images from
five modalities, i.e., T1, T2, proton density (PD), MRA, and diffusion tensor imaging
(DTI), with the image size 256×256×N (N is different for each subject). We synthesize
T2 images from PD images following [63]. The dataset is utilized by a five-fold crossvalidation, so the training set and test set consist of samples from 4/5 and 1/5 subjects,
respectively, for each cross-validation split. We also linearly scale the original intensity
values into [−1, 1] without any additional contrast change in the pre-processing. For each
3D image, non-overlapped large patches (size: 128 × 128 × 128) are extracted along the
trans-coronal and trans-sagittal directions. Along the trans-axial direction, patches are
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padded with -1 if N < 128.
For all synthesis tasks, we conduct 150 epochs to train the models. In the first 100
epochs, the leaning rate is fixed as 0.0002, and then it linearly decays to zero in the next
50 epochs. Adam solver with a batch-size of six is applied to minimize the objectives.
During training, λl1 is fixed as 300, while λedge linearly increases from zero to 100 in the
first 20 epochs, and then stays at 100 in the next 130 epochs. Before the evaluation, the
intensity values of all the synthesized and real images are added by one, and then divided
by two. Thus, the intensity values of all images are between zero and one in measure
metrics.

4.3.2

Methods in Comparison

The proposed Ea-GANs are compared with two state-of-the-art cross-modality MRI synthesis methods, Replica [41] and Multimodal [63], and a generic-image-synthesis cGANbased model, Pix2pix [30].
1. Replica [41] uses the handcrafted multi-resolution 3D patch features to train random forests for synthesis.
2. Multimodal [63] is a 2D CNN-based model to synthesize the MR image slice by
slice with the constraint of pixel-wise intensity difference.
3. Pix2pix [30] is a 2D cGAN model, which synthesizes whole 2D images by focusing
on maintaining the pixel-wise intensity similarity.
We directly run these three models using their publicly released codes and follow the
original papers for both image pre-processing and model setting. The two 2D models,
i.e., Multimodal [63] and Pix2pix [30], are trained using axial slices. Then the synthesized
axial slices of each subject are concatenated to form a 3D volume.
Moreover, to facilitate the comparison, the proposed 3D cGAN model from Chapter
3 has the same architecture and parameter setting as the two proposed models, i.e., gEaGAN and dEa-GAN. All of the 3D models work on large 3D patches to increase the
number of training samples.
In addition, to verify the advantages of using edge maps over directly using image
gradients, we also build a cGAN model that follows the network architecture of gEaGAN and dEa-GAN but use the image gradient difference loss in [47] instead of the edge
similarity loss. This model is denoted as a gradient cGAN. To balance each term in the
objective function, the added image gradient difference loss is normalized by the number
of output voxels and multiplied by 3000.
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Results on BRATS2015

The synthesis results on the BRATS2015 dataset are reported, including those from Replica
[41], Multimodal [63], Pix2pix [30], 3D cGAN, gradient cGAN, and the two proposed
methods of gEa-GAN and dEa-GAN. We show their synthesis performances evaluated
on whole images (including a brain and a background) in Table 4.1 and on tumor regions
in Table 4.2, respectively. To test if the proposed dEa-GAN is statistically significantly
better than a compared method, paired t-test is conducted, following [143–145]. When
the improvement of dEa-GAN over the method is statistically significant, the result of that
compared method will be underlined in the tables. The visual examples for the two tasks
are correspondingly presented in Figures 4.4 and 4.5.
Comparison between 2D and 3D cGANs
In this chapter, we further compare 3D cGAN (from Chapter 3) with 2D cGAN for two
synthesis tasks on the entire BRATS2015 dataset. As shown in Table 4.1, 3D cGAN
which is a 3D variant of Pix2pix [30], significantly outperforms Pix2pix [30] with better
synthesis results. Specifically, this 3D model improves the quality of T1-to-FLAIR synthesis and T1-to-T2 synthesis by (1) 1.8dB PSNR, 0.025 NMSE, and 0.018 SSIM (T1
to FLAIR), and (2) 1.22dB PSNR, 0.015 NMSE, and 0.011 SSIM (T1 to T2), respectively, compared with the 2D model of Pix2pix [30]. This demonstrates the importance
of considering 3D contextual information during the synthesis. When looking into the
coronal and sagittal slices in Figure 4.4 and Figure 4.5, it is found that the discontinuity
along these two directions is more salient in Pix2pix [30] than in 3D cGAN (especially
the regions between two red arrows in the zoomed parts).
Comparison between 3D cGAN and the Proposed Ea-GANs
As a model only focusing on the voxel-wise intensity similarity, 3D cGAN produces
lower-quality images than both of the proposed Ea-GANs which jointly consider the intensity similarity and edge similarity during training. Concretely, for the synthesis task
of FLAIR, PSNR and SSIM increase from 29.26dB (3D cGAN) to 30.11dB (dEa-GAN)
and from 0.958 (3D cGAN) to 0.963 (dEa-GAN) respectively, and NMSE decreases from
0.119 (3D cGAN) to 0.105 (dEa-GAN). For T2 synthesis results, dEa-GAN improves
PSNR, NMSE, and SSIM by 0.61db, 0.007, and 0.003 from 3D cGAN, respectively.
These improvements consistently demonstrate the necessity of preserving edge details in
image synthesis. Meanwhile, from all the three views in Figure 4.4 and Figure 4.5, the
proposed two Ea-GANs synthesize sharper edges than the 3D cGAN (indicated by two
blue arrows in the zoomed parts).

PSNR
Replica [41]
27.17±2.60
Multimodal [63]
27.26±2.82
Pix2pix [30]
27.46±2.55
3D cGAN (from Chapter 3)
29.26±3.21
gradient cGAN (ablation study) 29.38±3.25
Proposed gEa-GAN
29.55±3.24
Proposed dEa-GAN
30.11±3.22

Methods

T1 to FLAIR
NMSE
0.171±0.267
0.184±0.284
0.144±0.189
0.119±0.205
0.116±0.204
0.115±0.199
0.105±0.174
SSIM
0.939±0.013
0.950±0.014
0.940±0.015
0.958±0.016
0.960±0.017
0.960±0.017
0.963±0.016

PSNR
26.92±2.36
27.31±2.39
28.12±2.45
29.34±3.23
29.43±3.28
29.58±3.29
29.98±3.37

T1 to T2
NMSE
SSIM
0.158±0.324 0.946±0.015
0.140±0.229 0.951±0.016
0.110±0.220 0.953±0.014
0.095±0.199 0.964±0.017
0.097±0.210 0.966±0.017
0.093±0.218 0.966±0.018
0.088±0.223 0.967±0.016

Table 4.1: Quantitative evaluation results of the synthesized FLAIR-like and T2-like images from T1 on the BRATS2015 dataset (mean±standard
deviation). The paired t-test is conducted between dEa-GAN and a compared method at the significance level of 0.05. When the improvement of
dEa-GAN over the method is statistically significant, the result of that compared method will be underlined.

CHAPTER 4. EDGE-AWARE GANS FOR MR IMAGE SYNTHESIS
53

(f)

(e)

(d)

(c)

(b)

(a)

PSNR=28.086

Replica
PSNR=28

Multimodal
PSNR=29.159

Pix2pix
PSNR=30.105
PSNR=30.854

PSNR=30.871

3D cGAN gradient cGAN gEa-GAN
PSNR=31.255

dEa-GAN

FLAIR

Figure 4.4: Comparison between the two proposed Ea-GANs and other state-of-the-art methods (T1 to FLAIR on the BRATS2015 dataset): (a) axial
slices, (b) zoomed parts of axial slices, (c) coronal slices, (d) zoomed parts of coronal slices, and (e) sagittal slices, (f) zoomed parts of sagittal slices.
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Figure 4.5: Comparison between the two proposed Ea-GANs and other state-of-the-art methods (T1 to T2 on the BRATS2015 dataset): (a) axial slices,
(b) zoomed parts of axial slices, (c) coronal slices, (d) zoomed parts of coronal slices, and (e) sagittal slices, (f) zoomed parts of sagittal slices.
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Comparison between Gradient cGAN and gEa-GAN
The gradient cGAN, which directly extracts the image gradient difference for training,
performs worse than the proposed gEa-GAN, as shown in Table 4.1. These two methods
only differ in whether gradient similarity or edge similarity is used. This indicates the
superiority of using the Sobel edge similarity loss over directly using the image gradient
loss. The performance is further improved when the edge similarity is also adversarially
learned in dEa-GAN.
Comparison between the Two Proposed Ea-GANs
When comparing between the two proposed Ea-GANs, the dEa-GAN significantly improves the averaged PSNR and SSIM values by approximately 0.6dB and 0.003 respectively and lowers the NMSE value by about 0.01 from the gEa-GAN for the FLAIR synthesis task. Similarly, the dEa-GAN improves PSNR, NMSE, and SSIM by 0.4dB, 0.005,
and 0.01, respectively, for the T2 synthesis task. Those validate that integrating the edge
information into both generator and discriminator can significantly enhance the learning
of edge similarity, and further improves the whole image synthesis performance.
Comparison between the State-of-the-art Models and the Proposed Ea-GANs
When comparing our results with the state-of-the-art methods in literature, Replica [41]
obtains the worst PSNR and SSIM evaluation results, which indicates that the smallpatch-based method with the handcrafted features may not be able to capture the image
contextual information for MR synthesis. For the 2D models, Pix2pix [30] can get slightly
better quantitative results than Multimodal [63]. However, when comparing them with the
proposed Ea-GANs, our methods outperform these two methods in terms of all the three
measures. As shown in the yellow circles of Figure 4.4 and Figure 4.5, our methods
produce the FLAIR-like and T2-like images with the more local details along all the three
directions: axial, sagittal, and coronal. It is worth noting that, the gradient cGAN can
be regarded as the best performing one in the compared methods, in terms of either the
closest mean or the smallest average difference to our proposed dEa-GAN. Still, our dEaGAN performs statistically significantly better than it as analyzed above.
Comparison on Tumor Regions
The above seven methods are also compared on the lesion-contained regions in Table 4.2.
The Ea-GANs obtain the best values of PSNR, NMSE, and SSIM over all the methods
in comparison. This is consistent with our observations on whole images. Also, the dEaGAN shows statistically significant improvements over the best-performing one, i.e., the
gradient cGAN, among the compared methods. These show the capacity of the proposed

PSNR
Replica [41]
13.34±3.41
Multimodal [63]
13.82±3.66
Pix2pix [30]
14.48±3.12
3D cGAN (from Chapter 3)
15.95±3.52
gradient cGAN (ablation study) 15.67±3.63
Proposed gEa-GAN
16.37±3.49
Proposed dEa-GAN
16.90±3.59

Methods

T1 to FLAIR
NMSE
0.137±0.068
0.131±0.076
0.127±0.093
0.098±0.094
0.104±0.123
0.090±0.101
0.084±0.099
SSIM
0.601±0.083
0.638±0.096
0.618±0.084
0.681±0.090
0.682±0.090
0.697±0.092
0.705±0.093

PSNR
14.93±3.17
15.50±3.75
16.03±3.10
16.79±3.56
16.87±3.40
17.23±3.50
18.02±3.55

T1 to T2
NMSE
SSIM
0.123±0.084 0.650±0.139
0.109±0.117 0.689±0.138
0.099±0.084 0.703±0.095
0.089±0.093 0.725±0.099
0.085±0.089 0.752±0.098
0.083±0.099 0.752±0.100
0.079±0.098 0.766±0.098

Table 4.2: Quantitative evaluation results of the synthesized FLAIR-like and T2-like tumor parts from T1 on the BRATS2015 dataset (mean±standard
deviation). The paired t-test is conducted between dEa-GAN and a compared method at the significance level of 0.05. When the improvement of
dEa-GAN over the method is statistically significant, the result of that compared method will be underlined.
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Ea-GANs on preserving the critical pathological information in the synthesized images,
since such information could be correlated to edges.

4.3.4

Results on IXI Dataset

As can be seen in Table 4.3, the proposed Ea-GANs outperform the other five methods in
comparison according to all the three measures. The proposed dEA-GAN model demonstrates considerable improvements, with NMSE dropping from 0.087 (Replica) to 0.031
(dEa-GAN), SSIM rising from 0.947 (Replica) to 0.977 (dEa-GAN), and PSNR rising
from 27.99dB (Replica) to 33.25dB (dEa-GAN), respectively. The second best is the
proposed gEa-GAN model. These results validate that the two proposed Ea-GANs can
also synthesize the non-skull stripped MR images with higher quality. Example images
are shown in Figure 4.6. Although all the methods produce the high-quality synthesized
T2 images, the visual results generated by the two proposed Ea-GANs show the sharper
edges (indicated by the two red arrows in the zoomed parts), which is consistent with the
observation from quantitative evaluation.

4.3.5

Results on the Synthesized Image Edge Maps

To directly show the edge preserving performance of the proposed Ea-GANs, three kinds
of edge maps, i.e. Sobel, Prewitt, and Canny binary edge maps, extracted from the synthesized and real images for the three synthesis tasks are compared via PSNR, NMSE, and
SSIM in Tables 4.4, 4.5, 4.6, and 4.3. As shown, the proposed Ea-GANs produce the edge
maps that are closest to the ground-truth. These results directly verify the effectiveness of
maintaining edge similarity by the two proposed Ea-GANs.

4.3.6

Ablation Study

To further investigate the details of the proposed Ea-GANs, the ablation study is also
designed and conducted from two aspects. The first one is to study the effect of hyperparameters in the loss functions during training. The second one is to explore the number
of epochs until the convergence. Considering the high computational costs for 3D models,
the following ablation study results are evaluated on randomly selected 20%subjects from
the corresponding datasets, and the rest 80% subjects are used for training.

Methods

Whole image
PSNR
NMSE
SSIM
Replica [41]
27.99±1.65 0.087±0.034 0.947±0.013
Multimodal [63]
29.77±2.46 0.078±0.080 0.953±0.019
Pix2pix [30]
30.80±1.90 0.054±0.031 0.964±0.012
3D cGAN (from Chapter 3)
32.10±2.02 0.038±0.039 0.973±0.011
gradient cGAN (ablation study) 32.51±2.18 0.036±0.036 0.974±0.011
Proposed gEa-GAN
32.81±2.11 0.035±0.036 0.975±0.010
Proposed dEa-GAN
33.25±2.20 0.031±0.032 0.977±0.011
NMSE of edge maps
Methods
Sobel
Prewitt
Canny
Replica [41]
0.154±0.039 0.153±0.039 0.682±0.080
Multimodal [63]
0.124±0.072 0.124±0.074 0.554±0.086
Pix2pix [30]
0.097±0.041 0.096±0.041 0.538±0.087
3D cGAN (from Chapter 3)
0.079±0.044 0.078±0.045 0.492±0.082
gradient cGAN (ablation study) 0.076±0.037 0.075±0.037 0.463±0.074
Proposed gEa-GAN
0.067±0.039 0.066±0.039 0.454±0.074
Proposed dEa-GAN
0.064±0.034 0.063±0.034 0.445±0.073

PSNR of edge maps
Sobel
Prewitt
Canny
29.43±1.77 29.35±1.76 13.33±0.57
30.87±1.96 30.76±1.97 14.25±0.72
31.62±1.49 31.59±1.45 14.48±0.72
32.61±1.50 32.56±1.48 14.58±0.77
32.91±1.69 32.86±1.67 14.59±0.77
33.10±1.60 33.06±1.59 14.79±0.78
33.59±1.69
33.55±1.67
15.20±0.78
SSIM of edge maps
Sobel
Prewitt
Canny
0.947±0.013 0.949±0.012 0.860±0.018
0.956±0.014 0.958±0.014 0.884±0.020
0.963±0.009 0.964±0.009 0.886±0.020
0.968±0.009 0.969±0.009 0.897±0.018
0.970±0.010 0.971±0.009 0.903±0.017
0.973±0.009 0.974±0.008 0.904±0.017
0.975±0.009 0.976±0.008 0.906±0.017

Table 4.3: Quantitative evaluation results of the synthesized T2-like images and their edge maps from PD on the IXI dataset (mean±standard deviation).
The paired t-test is conducted between dEa-GAN and a compared method at the significance level of 0.05. When the improvement of dEa-GAN over
the method is statistically significant, the result of that compared method will be underlined.
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Figure 4.6: Comparison between the two proposed Ea-GANs and other state-of-the-art methods (PD to T2 on the IXI dataset): (a) axial slices, (b)
zoomed parts of axial slices, (c) coronal slices, (d) zoomed parts of coronal slices, and (e) sagittal slices, (f) zoomed parts of sagittal slices.
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Sobel
Replica [41]
31.08±1.85
Multimodal [63]
31.40±1.95
Pix2pix [30]
31.64±1.63
3D cGAN (from Chapter 3)
32.87±1.95
gradient cGAN (ablation study) 33.06±2.07
Proposed gEa-GAN
33.10±2.04
Proposed dEa-GAN
33.25±2.08

Methods

T1 to FLAIR
Prewitt
30.91±1.81
31.27±1.93
31.46±1.60
32.73±1.95
32.91±2.05
32.96±2.03
33.11±2.08
Canny
15.40±1.03
15.61±1.11
15.73±0.84
16.48±0.95
16.64±0.98
16.64±0.97
16.72±0.99

Sobel
30.39±1.59
30.16±1.72
31.51±1.46
32.53±1.84
32.63±1.97
32.87±1.98
32.88±1.98

T1 to T2
Prewitt
Canny
30.21±1.55 15.20±0.78
29.96±1.73 15.18±0.80
31.34±1.47 15.22±0.76
32.37±1.87 15.70±0.90
32.67±2.00 15.77±0.92
32.70±2.01 15.78±0.92
32.71±2.01 16.16±0.93

Table 4.4: PSNR evaluation results of the synthesized edge maps on the BRATS2015 dataset (mean±standard deviation). The paired t-test is conducted
between dEa-GAN and a compared method at the significance level of 0.05. When the improvement of dEa-GAN over the method is statistically
significant, the result of that compared method will be underlined.
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Sobel
Replica [41]
0.381±0.180
Multimodal [63]
0.372±0.230
Pix2pix [30]
0.369±0.225
3D cGAN (from Chapter 3)
0.292±0.229
gradient cGAN (ablation study) 0.279±0.217
Proposed gEa-GAN
0.277±0.237
Proposed dEa-GAN
0.269±0.225

Methods

T1 to FLAIR
Prewitt
0.370±0.180
0.367±0.232
0.366±0.228
0.287±0.231
0.275±0.218
0.274±0.238
0.266±0.228
Canny
1.013±0.180
1.019±0.117
1.021±0.250
0.971±0.253
0.937±0.245
0.939±0.252
0.937±0.256

Sobel
0.452±0.334
0.445±0.428
0.290±0.185
0.238±0.172
0.226±0.170
0.225±0.177
0.224±0.173

T1 to T2
Prewitt
0.448±0.335
0.444±0.436
0.284±0.183
0.233±0.171
0.222±0.169
0.221±0.176
0.220±0.172

Canny
1.306±0.342
1.111±0.181
1.099±0.177
0.992±0.197
0.976±0.211
0.969±0.206
0.954±0.200

Table 4.5: NMSE evaluation results of the synthesized edge maps on the BRATS2015 dataset (mean±standard deviation). The paired t-test is conducted
between dEa-GAN and a compared method at the significance level of 0.05. When the improvement of dEa-GAN over the method is statistically
significant, the result of that compared method will be underlined.
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Sobel
Replica [41]
0.938±0.008
Multimodal [63]
0.947±0.012
Pix2pix [30]
0.959±0.009
3D cGAN (from Chapter 3)
0.965±0.010
gradient cGAN (ablation study) 0.965±0.010
Proposed gEa-GAN
0.968±0.010
Proposed dEa-GAN
0.968±0.010

Methods

T1 to FLAIR
Prewitt
0.939±0.008
0.949±0.014
0.960±0.008
0.966±0.010
0.966±0.010
0.969±0.010
0.970±0.010
Canny
0.897±0.016
0.905±0.016
0.909±0.015
0.923±0.015
0.925±0.015
0.924±0.015
0.926±0.016

Sobel
0.954±0.008
0.955±0.014
0.963±0.009
0.948±0.010
0.970±0.011
0.970±0.010
0.971±0.010

T1 to T2
Prewitt
0.955±0.008
0.956±0.013
0.964±0.009
0.969±0.010
0.971±0.010
0.971±0.010
0.972±0.010

Canny
0.900±0.015
0.900±0.016
0.905±0.015
0.913±0.017
0.915±0.017
0.915±0.017
0.915±0.017

Table 4.6: SSIM evaluation results of the synthesized edge maps on the BRATS2015 dataset (mean±standard deviation). The paired t-test is conducted
between dEa-GAN and a compared method at the significance level of 0.05. When the improvement of dEa-GAN over the method is statistically
significant, the result of that compared method will be underlined.
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Study about Hyper-parameters
Table 4.7: Ablation study of λl1 in 3D cGAN on BRATS2015 dataset (T1 to FLAIR)

λl1

PSNR

NMSE

SSIM

100
200
300
400

29.40
29.31
29.60
29.46

0.122
0.119
0.121
0.122

0.956
0.955
0.959
0.957

We conduct the ablation study of 3D cGAN with different λl1 s on the BRATS2015 dataset
(T1 to FLAIR) to show the influence of λl1 . Compared to the adversarial loss, the values
of the L1-norm based similarity loss and the edge cost are very small. Also, considering
the computational time for training 3D CNNs models, we test 3D cGAN models with
λl1 of 100, 200, 300, and 400 as the typical cases. As shown in Table 4.7, there are no
significant differences in synthesis results by using the different λl1 s. Thus, we choose
the relatively better one, i.e., 300, for λl1 in all the synthesis tasks. At the same time, to
balance the voxel-wise similarity loss and the edge similarity loss, we then set λedge as
100 during the fixed λedge training stage. Please note that these parameters are uniformly
applied to all the datasets, and they show the good generalization.
Study about Training Epochs
To study the effect of training epochs in training the proposed model, its training error, i.e.,
voxel-wise similarity loss, is employed, as presented in Figure 4.7. Specifically, the relationship between the training error and the epoch number is plotted for the BRATS2015
dataset for both T1-to-FLAIR (in Figure 4.7 (a)) and T1-to-T2 (in Figure 4.7 (b)) tasks,
and also for the IXI dataset (Figure 4.7 (c)). As can be seen in Figure 4.7 (a), with the
increase of training epochs, the losses for both the training and the test samples are converging to some constant numbers. After 130 epochs, both the training and the test losses
become stable at the small values, so the trained model does not under-fit at this point.
Meanwhile, the test loss does not increase with the decrease of the training loss, which
means the problem of over-fitting does not happen. For all the other two tasks in Figure 4.7 (b) (c), the training errors also converge in about 150 epochs. By applying this
epoch number setting (determined solely based on training errors), the obtained test errors
also converge well, demonstrating that this is a reasonable choice. It is worth mentioning that the same epoch number is uniformly applied on both the BRATS2015 dataset
(including two different tasks) and the IXI dataset in our experiments, rather than tweaking this epoch number for each dataset individually. In IXI dataset, the MR images are
PD-contrasted, not skull-stripped and do not contain tumors, and therefore has different
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(a) BRATS2015 (T1-to-FLAIR)

(b) BRATS2015 (T1-to-T2)

(c) IXI (PD-to-T2)
Figure 4.7: Ablation study: plot of the objective values versus the epoch numbers.
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characteristics from the BRATS2015 dataset. However, it seems that our choice of the
epoch number (i.e., 150) still works well. Certainly, 150 may not always work for any
new dataset. In this case, we can again monitor the evolution of training error with respect
to the number of epochs and choose the number for which training error becomes stable.
In addition, as can be seen from Figure 4.7, within a broad range of epoch numbers, the
test error does not change obviously. This indicates that the performance of our model
may not be very sensitive to the choice of epoch number, and this also helps to relatively
easily make a reasonable choice of this epoch number.

4.3.7

Generic Image Synthesis Results

Table 4.8: PSNR, NMSE, and SSIM on the generic image synthesis datasets (mean ±
standard deviation). The paired t-test is conducted between dEa-GAN and Pix2pix to the
significance level of 0.05. When the improvement of dEa-GAN is statistically significant,
the result of Pix2pix will be underlined.

Methods

PSNR

Pix2pix [30]
13.21±1.71
Proposed 2D dEa-GAN 13.36±1.67
Methods

PSNR

Pix2pix [30]
15.06±2.08
Proposed 2D dEa-GAN 15.60±2.09
Methods

PSNR

Pix2pix [30]
15.98±2.41
Proposed 2D dEa-GAN 16.46±2.55

facades
NMSE

SSIM

0.993±0.056 0.246±0.079
0.984±0.061 0.260±0.083
maps
NMSE
SSIM
0.878±0.065 0.203±0.083
0.870±0.068 0.237±0.083
cityscapes
NMSE
SSIM
0.851±0.097 0.421±0.083
0.844±0.100 0.435±0.086

To evaluate the generality and the effectiveness of our edge-aware approach, we extend the dEa-GAN into its 2D variant, 2D dEa-GAN, and compare it with Pix2pix [30].
Following the literature, three generic image-to-image translation benchmark datasets are
used. For the facades dataset [146], the label-to-photo translation is conducted with 400
training samples and 206 test samples. For the maps dataset, 1096 training images and
1098 test images that are scraped by [30] are used, and the map-to-aerial translation is
processed. For the cityscapes dataset [147], photos are synthesized from the cityscapes
labels with 2975 training images and 500 test images. All the image pre-processing step
and experimental setting follow the work in [30].
In Table. 4.8, we report the quantitative comparisons of the synthesized images by
Pix2pix [30] and our 2D dEa-GAN model on these three datasets. As consistently seen,
our 2D dEa-GAN significantly outperforms Pix2pix [30] with higher PSNR and SSIM,
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Label

Pix2pix

2D dEa-GAN

Photo

Figure 4.8: Comparison between Pix2pix and proposed 2D dEa-GAN on the facades
dataset. The first example is in the top row, and the second example is presented in the
bottom row.

Map

Pix2pix

2D dEa-GAN

Aerial

Figure 4.9: Comparison between Pix2pix and proposed 2D dEa-GAN on the maps
dataset. The first example is in the top row, and the second example is presented in
the bottom row.
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Cityscape

Figure 4.10: Comparison between Pix2pix and proposed 2D dEa-GAN on the cityscapes
dataset. The first example is in the top row, and the second example is presented in the
bottom row.

and lower NMSE. It validates that preserving edge information is essential for the different generic image synthesis tasks. For each dataset, visual comparisons of two examples
are shown in Figures 4.8, 4.9, and 4.10, respectively. When looking into Figure 4.8, the
surface of the outer wall and the contour of the door generated by 2D dEa-GAN is more
intact than those estimated by Pix2pix. In Figure 4.9, our 2D dEa-GAN produces the
clearer roofs of buildings and less blurred contours of rivers, compared with Pix2pix.
Similarly, in Figure 4.10, cars and pedestrians are synthesized with the better appearance
by the proposed 2D dEa-GAN. Therefore, both the visual and the quantitative results verify the generality and the capacity of our edge-aware GAN model in synthesizing generic
images.

4.4

Discussion

This chapter aims to synthesize high-quality MR images by cGAN-based models. The
proposed 3D-based Ea-GANs enforce the voxel-wise intensity similarity during training,
and additionally integrate the edge maps as the image contextual information to improve
synthesis performance. Two strategies have been proposed for this purpose. The first
one is the proposed gEa-GAN model which extracts the Sobel edge maps of both synthesized and real target-modality images, and minimizes their distance during the training of
generator. The second one is the proposed dEa-GAN. It further enforces this edge similarity via the adversarial learning between generator and discriminator. Our experimental
results fully demonstrate the importance of perceiving the edge details during synthesis
with the consistent improvements in terms of different evaluation measures, and across
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all the datasets that have been tested. Moreover, by jointly acquiring the edge information
via both of the generator and discriminator, the dEa-GAN is found to also outperform
the proposed gEa-GAN that only incorporates edge details on the generator side. As for
the computational time, in the gEa-GAN model, its number of trainable parameters is the
same as that in the 3D cGAN model, so its training time remains almost unchanged. For
the dEa-GAN model, using three input channels in the first layer of its discriminator only
slightly increases the number of trainable parameters by 0.0065% (12,288 new parameters over totally 189,388,163 parameters). Therefore, using edge maps during the training
incurs little computational burden.
In addition, our Ea-GANs prove to also work well in lesion regions, which beats all the
other methods in comparison according to three measurements on brain tumor synthesis.
Last but not the least, edge-aware GANs well generalize to other generic image synthesis
tasks, as shown on a variety of benchmark datasets about facades, maps, and cityscapes,
demonstrating the power of our Ea-GAN model as a general image synthesizer.
More discussions about the model differences are presented in the following two sections.

4.4.1

Differences between the Existing cGANs and Ea-GANs

Most previous works for cGAN-based medical image synthesis [47, 55, 58, 60, 64, 66,
122, 125–129, 131–136] are 2D models that separately estimate each slice along the image’s trans-axial direction. They ignore the 3D image contextual information and result
in the discontinuous estimation. To overcome this limitation, the idea of using 3D conditional GANs has been exploited in some existing works [47, 129]. However, there are
distinct differences between those methods and the proposed models. First, [129] only
maintains the voxel-wise similarity during training. In contrast, our work innovatively
explores the edge-aware idea in cGAN models to synthesize the higher-quality images.
Second, whereas a gradient difference loss is used in [47], we apply a Sobel operator to
extract the edge details. Applying the Sobel filters has more advantages than directly using the image gradients. By the averaging operation of Sobel operator, the filter is less
sensitive to noise than directly using the image gradients. Also, the Sobel filter assigns
higher weights to its nearer neighbors and lower weights to its farther neighbors, which
cannot be achieved by directly utilising image gradients. The superiority of our gEa-GAN
over the gradient cGAN justifies that the Sobel filters are more effective than the simple
image gradients for MR image synthesis. More importantly, we innovatively integrate the
edge information into adversarial learning (rather than simply putting it in the cost function of generator) to significantly improve the synthesis quality, which was not touched at
all in [47].
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Differences among the Compared Models

(a) Pix2pix

(b) Multimodal

(c) Replica

Figure 4.11: An example of the synthesized images by Pix2pix, Multimodal, and
Replica

Figure 4.12: Histograms of the synthesized images by Pix2pix and Multimodal, and the
ground truth

It is interesting to find that the coronal and sagittal views by Pix2pix show higher discontinuities than Replica and Multimodal in Figures 4.4, 4.5, and 4.6, although Pix2pix
achieves better quantitative scores. The Replica is a 3D small-patch based method, so it
produces the visually smooth results along all three directions. As shown in Figure 4.11,
Pix2pix can synthesize sharper images than both Multimodal and Replica. Histograms
of the two synthesized images by Pix2pix and Multimodal, as well as the real image
are shown in Figure 4.12. We can see that, the intensity values of the image generated
by Multimodal mainly vary over a small range, while those from Pix2pix spread over
a larger range with larger distribution overlap to the ground truth. The larger variation
of intensity values may be the reason of the relatively more salient discontinuity in the
image produced by Pix2pix. However, it still produces the better quantitative results as
evidenced by the more similar intensity distribution compared with the ground-truth.
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Conclusion

In this chapter, we proposed two novel end-to-end learning 3D Ea-GANs models, i.e.,
gEa-GAN and dEa-GAN, to synthesize the target-modality MR images from the given
paired source-modality images. Beyond the 3D cGAN model from Chapter 3 and other
existing GAN synthesis models, the proposed Ea-GANs target to jointly preserve the
voxel-wise intensity similarity and the edge similarity between the real and synthesized
images to further preserve the crucial brain structure information in images. Our EaGANs, especially the more advanced dEa-GAN, achieve significantly better results than
multiple state-of-the-art methods, i.e., the hand-crafted feature used model, the conventional CNNs, and the existing GANs, for MR image synthesis.

Chapter 5
Learning Sample-adaptive Local
Sample Space Mappings for
Cross-modality MR Image Synthesis
Most GANs attempt to train a unified model for all the input samples by learning a whole
sample-space mapping from the source modality to the target modality. Whereas, compared with the complicated nature of voxel-wise prediction tasks, the available labeled
samples of medical images are often scarce. Thus, it is challenging to optimize the unified
model to fit all the samples via the global sample-space mapping. To mitigate this issue,
this chapter develops a novel GANs based framework to learn both of the whole samplespace mapping and the local sample-space mapping by extracting the special characteristic of each individual sample for cross-modality lesion contained MR image synthesis
tasks. To be specific, the developed framework decomposes the synthesis learning into a
baseline path and an additional sample-adaptive path. The baseline path trains a common
GAN model to conform to all the labeled samples as usual. The sample-adaptive path
models each sample through its learnt relationship to its neighboring training samples
and exploits their target-modality features as supplementary information during synthesis. Benefit from the cooperation between these two paths, the GAN model in the proposed synthesis framework is adaptive to the different input samples to increase the final
synthesis results.

5.1

Motivation

The existing GANs models for cross-modality MR image synthesis have a main learning
problem. They focus on learning a global mapping from the entire source-modality space
to the whole target-modality space. Such a global sample space mapping can be highly
complicated and hard to learn only from a small number of labeled medical samples.
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This makes it difficult to achieve a global model that is optimal for every sample. Instead,
we argue that the GAN models should be able to adapt to different samples to optimize
the individual synthesis while at the same time conforming to the global sample space
mapping mentioned above. Besides, in the existing GAN models, the target-modality is
only used in the error term of an objective function for error evaluation. It is not actively
sought to provide target-modality information to directly help the synthesis. For example,
to synthesize FLAIR from T1, the target-modality FLAIR contains the valuable diffusion
patterns around tumor regions, which cannot be clearly observed in the T1 [14]. Such
target-modality information should be adequately utilized for synthesis.
To deal with these two issues, this chapter proposes sample-adaptive GAN models for
cross-modality MR image synthesis. Essentially, a mapping of high-quality synthesis
requires to extract the features that best represent the transformation from the sourcemodality to the target-modality samples. Therefore, our sample-adaptive GAN models
consist of the learning of both common features and sample-specific features, and they
are designed to cooperate with each other to boost the synthesis. Specifically, our sampleadaptive GANs comprise of two cooperative paths. The baseline path learns the common
features for the global sample space mapping using a usual GANs model (backbone network), and the sample-adaptive path learns sample-specific characteristics by considering
the local sample space details of each individual sample in its neighborhood. The two
paths are jointly learned in an end-to-end manner. In this way, the proposed sampleadaptive GANs (SA-GANs) models can enforce the sample-specific learning on top of
the common global sample space learning. Therefore, the unique characteristic of each
input sample can be sample-adaptively learnt as the specific features and dynamically
fit the synthesis task. Moreover, the training samples in the target modality are actively
exploited to provide the auxiliary information to help the synthesis in both training and
test stages. The effectiveness of our sample-adaptive models is validated on two lesion
contained MR image datasets. The experimental results show the superior performance
of our models over a set of state-of-the-art cross-modality image synthesis methods.

5.2
5.2.1

Proposed SA-GANs
Overview

The conventional deep learning based cross-modality image synthesis models learn a
global sample space mapping and uniformly apply it to all samples in the whole space
for prediction. However, due to the complexity of this global sample space mapping for
synthesis and the scarcity of labeled training samples in most medical applications, it is
very challenging to learn an optimal global model and extract powerful features representing the synthesis mapping. To deal with this issue, we propose novel sample-adaptive
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models, i.e., sample-adaptive GANs, to decompose the whole learning procedure into
two cooperative paths, i.e., a baseline path and a sample-adaptive path. The baseline path
learns the global sample space mapping and is trained by using all the training samples as
usual, while the sample-adaptive path learns the sample-specific features via the unique
characteristics of each individual sample. These two paths are jointly learned to provide complementary information to cater for the higher-quality synthesis in the proposed
sample-adaptive GANs.
To best present the basic idea of the proposed SA-GANs, Figure 5.1 illustrates the comparison between the global and local sample space mappings. As given in Figure 5.1 (a),
the global sample space mapping refers to a mapping M that maps the whole sample
space in the source-modality to the whole sample space in the target-modality. This mapping is uniformly applied to every source-modality sample. Differently, a local sample
space mapping, as presented in Figure 5.1 (b), maps a local sample region in the sourcemodality to a local sample region in the target-modality. Therefore, different samples
could be mapped by a different mapping function between the two modalities. Specifically, the sample-adaptive path in our models will utilize K-nearest neighbors (KNNs) to
build the local neighborhood around each sample and further use the generated weights of
the neighbors to adjust the learned local sample space mapping. In this way, the sampleadaptive path can learn the specific local mappings for different input samples.
The detailed framework of the proposed sample-adaptive GANs is illustrated in Figure 5.2. As shown in the left part of Figure 5.2, the baseline path contains a GAN model,
which extracts the common features by an embedding function Gc (·) with the parameter Wc (the superscript c means “common”). After that, it concatenates these common
features with the sample-specific features learned by the sample-adaptive path for final
prediction via another embedding function Gg (·) with the parameter Wg (the superscript
g means final “generation”). In this common GAN model, both the trainable parameters,
i.e., Wc and Wg , are uniformly applied to all samples to achieve the global sample space
mapping. In the right part of Figure 5.2, the sample-adaptive path learns the samplespecific features by an embedding function F s (·) with the parameter Ws (the superscript
s means “sample-specific”). Unlike the parameters in the baseline path, this parameter
Ws is trained to capture the individual information from an input sample. The learned
sample-specific features are then integrated into the baseline path as the auxiliary information to help the final synthesis. In the proposed sample-adaptive GANs, the baseline
and the sample-adaptive paths are trained together in an end-to-end manner.

5.2.2

Baseline Path

In the baseline path, a usual 3D GAN model is used to learn the global sample space
mapping from the source-modality to the target-modality. The generator in this GAN

CHAPTER 5. LEARNING SA LOCAL SAMPLE SPACE MAPPINGS

x1

y1

<latexit sha1_base64="vvgHEB32L9L6RuZW0FA/lKy0Ykc=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeiF48VbC00pWy2L+3SzSbsbsQS+je8eFDEq3/Gm//GTZuDtg4sDDPv8WYnSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfHlFpHst7M0mwF9Gh5CFn1FjJ9yNqRkGYPU37Xr9ac+vuDGSZeAWpQYFmv/rlD2KWRigNE1TrrucmppdRZTgTOK34qcaEsjEdYtdSSSPUvWyWeUpOrDIgYazsk4bM1N8bGY20nkSBncwz6kUvF//zuqkJr3oZl0lqULL5oTAVxMQkL4AMuEJmxMQSyhS3WQkbUUWZsTVVbAne4peXSfus7p3XvbuLWuO6qKMMR3AMp+DBJTTgFprQAgYJPMMrvDmp8+K8Ox/z0ZJT7BzCHzifPytckcM=</latexit>

<latexit sha1_base64="0nnKMX/L04qGZNHHuwIvzBvFCDw=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlMl00g6dTMI8hBD6G25cKOLWn3Hn3zhps9DWAwOHc+7lnjlhypnSrvvtVNbWNza3qtu1nd29/YP64VFXJUYS2iEJT2Q/xIpyJmhHM81pP5UUxyGnvXB6V/i9JyoVS8SjzlIaxHgsWMQI1lby/RjrSRjl2WzoDesNt+nOgVaJV5IGlGgP61/+KCEmpkITjpUaeG6qgxxLzQins5pvFE0xmeIxHVgqcExVkM8zz9CZVUYoSqR9QqO5+nsjx7FSWRzaySKjWvYK8T9vYHR0E+RMpEZTQRaHIsORTlBRABoxSYnmmSWYSGazIjLBEhNta6rZErzlL6+S7kXTu2x6D1eN1m1ZRxVO4BTOwYNraME9tKEDBFJ4hld4c4zz4rw7H4vRilPuHMMfOJ8/LOORxA==</latexit>

Mapping

x2

y2
<latexit sha1_base64="ljRSlAFb6b53b5hX9XERVfKGRzY=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykwVdFl047KCfUBnKJk004ZmMkOSEYahv+HGhSJu/Rl3/o2ZdhbaeiBwOOde7skJEsG1cZxvtLa+sbm1Xdmp7u7tHxzWjo67Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gumd4Xfe2JK81g+mixhfkTGkoecEmMlz4uImQRhns2GzWGt7jScOfAqcUtShxLtYe3LG8U0jZg0VBCtB66TGD8nynAq2KzqpZolhE7JmA0slSRi2s/nmWf43CojHMbKPmnwXP29kZNI6ywK7GSRUS97hfifN0hNeOPnXCapYZIuDoWpwCbGRQF4xBWjRmSWEKq4zYrphChCja2paktwl7+8SrrNhnvZcB+u6q3bso4KnMIZXIAL19CCe2hDBygk8Ayv8IZS9ILe0cdidA2VOyfwB+jzBy5nkcU=</latexit>

<latexit sha1_base64="PrcFdFKb1x0YNwTcrKtxg/VnAWM=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWaqoMuiG5cV7AM6Q8mkmTY0kxmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnSATXxnG+UWltfWNzq7xd2dnd2z+oHh51dJwqyto0FrHqBUQzwSVrG24E6yWKkSgQrBtMbnO/+8iU5rF8MNOE+REZSR5ySoyVPC8iZhyE2dNs0BhUa07dmQOvErcgNSjQGlS/vGFM04hJQwXRuu86ifEzogyngs0qXqpZQuiEjFjfUkkipv1snnmGz6wyxGGs7JMGz9XfGxmJtJ5GgZ3MM+plLxf/8/qpCa/9jMskNUzSxaEwFdjEOC8AD7li1IipJYQqbrNiOiaKUGNrqtgS3OUvr5JOo+5e1N37y1rzpqijDCdwCufgwhU04Q5a0AYKCTzDK7yhFL2gd/SxGC2hYucY/gB9/gAs4JHE</latexit>

yt

M :S!T

xt

<latexit sha1_base64="XQ9z9yLaI2XR8JfraAnwR+r7IfE=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVTLt2Iqrohs3QsW+oC0lk2ba0ExmSDKVMvRP3LhQxK1/4s6/MdNWUNEDFw7n3Mu993gRZ0oj9GFlVlbX1jeym7mt7Z3dPXv/oKnCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3yV+q0JlYqFoq6nEe0FeCiYzwjWRurb9s3FXVey4UhjKcN7WO/beVRwShXXLUFUKFXQGUoJQm65WIaOISnyYIla337vDkISB1RowrFSHQdFupdgqRnhdJbrxopGmIzxkHYMFTigqpfML5/BE6MMoB9KU0LDufp9IsGBUtPAM50B1iP120vFv7xOrP3zXsJEFGsqyGKRH3OoQ5jGAAdMUqL51BBMJDO3QjLCEhNtwsqZEL4+hf+TZtEEVXBu3Xz1chlHFhyBY3AKHFABVXANaqABCJiAB/AEnq3EerRerNdFa8ZazhyCH7DePgFYQJN7</latexit>

<latexit sha1_base64="znhdxxRN0pVXJria5/Jf6rO6LVw=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeiF48VbC00pWy2m3bpZhN2X8QS+je8eFDEq3/Gm//GTZuDtg4sDDPv8WYnSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjGN7n/8Mi1EbG6x0nCexEdKhEKRtFKvh9RHAVh9jTtY79ac+vuDGSZeAWpQYFmv/rlD2KWRlwhk9SYrucm2MuoRsEkn1b81PCEsjEd8q6likbc9LJZ5ik5scqAhLG2TyGZqb83MhoZM4kCO5lnNIteLv7ndVMMr3qZUEmKXLH5oTCVBGOSF0AGQnOGcmIJZVrYrISNqKYMbU0VW4K3+OVl0j6re+d17+6i1rgu6ijDERzDKXhwCQ24hSa0gEECz/AKb07qvDjvzsd8tOQUO4fwB87nD5DokgY=</latexit>

Source-modality: S

<latexit sha1_base64="Ipv93Kjc4pUlOMCciCZO+JwM3gY=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRIVdFl047KCfUATymQ6aYdOJmHmRgihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTJIJrdJxvq7K2vrG5Vd2u7ezu7R/UD4+6Ok4VZR0ai1j1A6KZ4JJ1kKNg/UQxEgWC9YLpXeH3npjSPJaPmCXMj8hY8pBTgkbyvIjgJAjzbDbEYb3hNJ057FXilqQBJdrD+pc3imkaMYlUEK0HrpOgnxOFnAo2q3mpZgmhUzJmA0MliZj283nmmX1mlJEdxso8ifZc/b2Rk0jrLArMZJFRL3uF+J83SDG88XMukxSZpItDYSpsjO2iAHvEFaMoMkMIVdxktemEKELR1FQzJbjLX14l3Yume9l0H64arduyjiqcwCmcgwvX0IJ7aEMHKCTwDK/wZqXWi/VufSxGK1a5cwx/YH3+AJJvkgc=</latexit>

Target-modality: T

(a) Global sample space mapping
(uniformly applied to the whole space)
x1

M (x1 )

<latexit sha1_base64="vvgHEB32L9L6RuZW0FA/lKy0Ykc=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeiF48VbC00pWy2L+3SzSbsbsQS+je8eFDEq3/Gm//GTZuDtg4sDDPv8WYnSATXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrHqBFSj4BJbhhuBnUQhjQKBD8H4JvcfHlFpHst7M0mwF9Gh5CFn1FjJ9yNqRkGYPU37Xr9ac+vuDGSZeAWpQYFmv/rlD2KWRigNE1TrrucmppdRZTgTOK34qcaEsjEdYtdSSSPUvWyWeUpOrDIgYazsk4bM1N8bGY20nkSBncwz6kUvF//zuqkJr3oZl0lqULL5oTAVxMQkL4AMuEJmxMQSyhS3WQkbUUWZsTVVbAne4peXSfus7p3XvbuLWuO6qKMMR3AMp+DBJTTgFprQAgYJPMMrvDmp8+K8Ox/z0ZJT7BzCHzifPytckcM=</latexit>

<latexit sha1_base64="+iOx0ksyZIq0Eky+fl9dzjGtF1k=">AAAB7XicdVDLSgMxFM34rPVVdekmWIS6GWb6oJ1d0Y0boYJ9QDuUTJppYzPJkGTEUvoPblwo4tb/ceffmGkrqOiBC4dz7uXee4KYUaUd58NaWV1b39jMbGW3d3b39nMHhy0lEolJEwsmZCdAijDKSVNTzUgnlgRFASPtYHyR+u07IhUV/EZPYuJHaMhpSDHSRmpdFe777lk/l3dsr1YpV4rQsR3H87xKSorVkudB1ygp8mCJRj/33hsInESEa8yQUl3XibU/RVJTzMgs20sUiREeoyHpGspRRJQ/nV87g6dGGcBQSFNcw7n6fWKKIqUmUWA6I6RH6reXin953USHNX9KeZxowvFiUZgwqAVMX4cDKgnWbGIIwpKaWyEeIYmwNgFlTQhfn8L/SatouyXbvS7n6+fLODLgGJyAAnBBFdTBJWiAJsDgFjyAJ/BsCevRerFeF60r1nLmCPyA9fYJ95COvg==</latexit>

x2
<latexit sha1_base64="PrcFdFKb1x0YNwTcrKtxg/VnAWM=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWaqoMuiG5cV7AM6Q8mkmTY0kxmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnSATXxnG+UWltfWNzq7xd2dnd2z+oHh51dJwqyto0FrHqBUQzwSVrG24E6yWKkSgQrBtMbnO/+8iU5rF8MNOE+REZSR5ySoyVPC8iZhyE2dNs0BhUa07dmQOvErcgNSjQGlS/vGFM04hJQwXRuu86ifEzogyngs0qXqpZQuiEjFjfUkkipv1snnmGz6wyxGGs7JMGz9XfGxmJtJ5GgZ3MM+plLxf/8/qpCa/9jMskNUzSxaEwFdjEOC8AD7li1IipJYQqbrNiOiaKUGNrqtgS3OUvr5JOo+5e1N37y1rzpqijDCdwCufgwhU04Q5a0AYKCTzDK7yhFL2gd/SxGC2hYucY/gB9/gAs4JHE</latexit>

M (x2 )
<latexit sha1_base64="tE+DeNITngeZ9OBF49v+NkB/ikc=">AAAB7XicdVDLSgMxFM34rPVVdekmWIS6GTK1xS6LbtwIFewD2qFk0kwbm0mGJCOW0n9w40IRt/6PO//GdDqCih64cDjnXu69J4g50wahD2dpeWV1bT23kd/c2t7ZLeztt7RMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8cXcb99RpZkUN2YSUz/CQ8FCRrCxUuuqdN8vn/QLReRWEaqgKkQuSpGSGqqVoZcpRZCh0S+89waSJBEVhnCsdddDsfGnWBlGOJ3le4mmMSZjPKRdSwWOqPan6bUzeGyVAQylsiUMTNXvE1McaT2JAtsZYTPSv725+JfXTUxY86dMxImhgiwWhQmHRsL563DAFCWGTyzBRDF7KyQjrDAxNqC8DeHrU/g/aZVd79T1rivF+nkWRw4cgiNQAh44A3VwCRqgCQi4BQ/gCTw70nl0XpzXReuSk80cgB9w3j4BnbyOgA==</latexit>

M (xt )
<latexit sha1_base64="uAyjsAz2hwojhkTD+VIONaifOts=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BItQL8tubW17K3rxIlSwrdAuJZtm29hssiRZsSz9D148KOLV/+PNf2O6raCiDwYe780wM8+PGFXacT6szNLyyupadj23sbm1vZPf3WsrEUtMWlgwIW98pAijnLQ01YzcRJKg0Gek44/PZ37njkhFBb/Wk4h4IRpyGlCMtJHal8X7vj7u5wuOXa9WKk4NOnbZKdVLbkrc01oVuraTogAWaPbz772BwHFIuMYMKdV1nUh7CZKaYkamuV6sSITwGA1J11COQqK8JL12Co+MMoCBkKa4hqn6fSJBoVKT0DedIdIj9dubiX953VgHNS+hPIo14Xi+KIgZ1ALOXocDKgnWbGIIwpKaWyEeIYmwNgHlTAhfn8L/Sbtkuye2e1UuNM4WcWTBATgEReCCKmiAC9AELYDBLXgAT+DZEtaj9WK9zlsz1mJmH/yA9fYJRRuO8A==</latexit>

Source-modality

xt
<latexit sha1_base64="znhdxxRN0pVXJria5/Jf6rO6LVw=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KooMeiF48VbC00pWy2m3bpZhN2X8QS+je8eFDEq3/Gm//GTZuDtg4sDDPv8WYnSKQw6LrfTmlldW19o7xZ2dre2d2r7h+0TZxqxlsslrHuBNRwKRRvoUDJO4nmNAokfwjGN7n/8Mi1EbG6x0nCexEdKhEKRtFKvh9RHAVh9jTtY79ac+vuDGSZeAWpQYFmv/rlD2KWRlwhk9SYrucm2MuoRsEkn1b81PCEsjEd8q6likbc9LJZ5ik5scqAhLG2TyGZqb83MhoZM4kCO5lnNIteLv7ndVMMr3qZUEmKXLH5oTCVBGOSF0AGQnOGcmIJZVrYrISNqKYMbU0VW4K3+OVl0j6re+d17+6i1rgu6ijDERzDKXhwCQ24hSa0gEECz/AKb07qvDjvzsd8tOQUO4fwB87nD5DokgY=</latexit>

Target-modality

(b) Local sample space mapping
(varied with different regions of the space)
Figure 5.1: Illustration of global sample space mapping and local sample space mapping.
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Real or Synthesized?

F s (fxs ; Ws |H)

Figure 5.2: Framework of the proposed sample-adaptive GANs: a baseline path and a
sample-adaptive path. The symbol H denotes the training set consisting of all sourcemodality samples x and their target-modality counterparts y.

model, including a number of convolutional layers, aims to synthesize the realistic targetmodality samples, while the discriminator D learns to differentiate the synthesized samples from the ground-truth. As mentioned in Section 5.2.1, the generator in this baseline
path learns two embedding functions. Given an input sample x, the embedding function Gc (·) covers from the input layer to the (l − 1)-th layer in the generator to learn the
common feature fcx . The embedding function Gg (·) covers from the l-th layer to the last
output layer of the generator. It uses the concatenation of the common feature fcx and the
sample-specific feature fsx (extracted from the sample-adaptive path to be introduced in
Section 5.2.3) as input and outputs the final synthesis. In addition, as shown by the purple
line in Figure 5.2, the common feature fcx is also passed to the sample-adaptive path to
guide the learning of the sample-specific feature fsx for x, which will be explained in detail
in the following section. Consequently, the baseline and the sample-adaptive paths could
be jointly trained through the above cooperation between them.
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Sample-adaptive Path

Our sample-adaptive path is designed to estimate the unique feature of the corresponding target-modality sample based on an input source-modality sample. In other words,
this feature should capture the individual characteristics of its counterpart in the targetmodality space during the synthesis, and it is also called the target-modality feature in this
chapter. Ideally, such a feature ought to be directly extracted from the real target-modality
sample. However, this is infeasible because a real target-modality counterpart will not be
available in the test stage. Therefore, in the sample-adaptive path, we propose to train
a new network, which corresponds to the aforementioned embedding function F s (·), to
handle this issue. When given an input source-modality sample x, this network learns to
estimate the feature of its target-modality counterpart y by exploring its neighbors among
the training samples. We assume that, given two samples xi and x j , when they are close to
each other (i.e., their features fxci and fxcj are close), their target modality samples yi and
y j shall also be close to each other. Mathematically, this assumes that the mapping from
the source-modality space to the target-modality space is locally smooth. In this way,
after identifying x’s neighborhood through calculating the feature distance, the targetmodality features of these neighboring training samples could be linearly combined to
estimate y’s feature. Here the target-modality features of these neighbors are extracted
from their target-modality counterparts (which can be readily identified through the training set H ) by an auto-encoder trained externally using all the target-modality training
samples, which will become clear shortly. To accommodate the different importance of
each sample in this local sample space (neighborhood), a set of combination weights are
predicted for these samples. Given the features of the sample x and its neighbors as the
input, these weights are adaptively output by a weighting network whose parameters are
jointly trained with the whole synthesis model. In this way, each sample has its unique
sample-specific combination weights to depict the local space around it. Specifically, the
input of this sample-adaptive path contains a given source-modality sample x and the
entire training set including the paired source- and the target-modality training samples
H = {(xt , yt ) for t = 1, . . ., T }. The symbol T denotes the entire number of training
samples. To better present the learning procedure, the whole sample-adaptive path is decomposed into the following five steps in both training and test stages as shown in the
right part of Figure 5.2.
1) Common Feature Extraction
As mentioned, the common feature fxc of x could be extracted by the first part of the
generator, i.e., Gc (·). It is learned in the baseline path and applied to produce the features
of all the source-modality training samples x1 , . . ., xT , which are denoted by fcx1 , . . ., fcxT .
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2) K-nearest Neighbors Identification
The features extracted at Step 1) of common feature extraction are then used to identify
the neighboring training samples for the input x. After operating global average pooling
on the feature fcx of x and the feature of every training sample fcxt (t = 1, . . . , T, and xt 6= x),
and then calculating their Euclidean distance, the KNNs of x are found and denoted by
xb1 , . . ., xbK . The features of these K neighbors are accordingly denoted by fcxb , . . ., fcxb .
1

K

3) Target-modality Feature Extraction
In the third step, a 3D CNN based auto-encoder model A, which is an external network
apart from our sample-adaptive GANs, is used to extract the target-modality features for
these K neighbors. This model is pre-trained by using all the target-modality training
samples y1 , . . ., yT . Since the K neighbors of x are identified in Step 2), their targetmodality counterparts can easily be known (i.e., from training pairs of (xbk , ybk )) and they
are denoted by yb1 , . . ., ybK . The pre-trained auto-encoder produces their target-modality
features as A(yb1 ), . . ., A(ybK ). The detailed architecture of A will be introduced in Section 5.2.5.
4) Weight Generation
In this step, the sample-specific combination weights are generated in order to approximate the real target-modality feature of x from the target-modality features of x’s K neighbors, which will be explained in Equation (5.3). The features fcx and fcxb , . . ., fcxb identified
K
1
in Step 2) are input into a CNN based weighting network P to generate the combination
weights through the end-to-end learning of our sample-adaptive GANs. These generated
combination weights, which are denoted by ωb1 , . . ., ωbK , reflect the importance of each
neighbor in this combination. The architecture of P is presented in section 5.2.5.
5) Feature Integration
After the target-modality feature extraction at Step 3) and the weight generation at Step 4),
we linearly combine the K target-modality features of neighbors with their corresponding
combination weights. The sample-specific target-modality feature of the input sample x
s
is estimated as fsx = ∑K
k=1 ωbk A(ybk ). Then, this sample-specific feature fx is passed back
to the baseline path to help the subsequent synthesis learning.

5.2.4

Objective Functions

The proposed sample-adaptive GANs have three sub-networks that need to be trained.
The first and the second sub-networks are the discriminator D and the two parts of the
generator, i.e., Gc and Gg , in the baseline path. The third sub-network is the weighting

CHAPTER 5. LEARNING SA LOCAL SAMPLE SPACE MAPPINGS

79

network P in the sample-adaptive path and is trained to output the sample-specific feature
fsx . When given a source-modality sample x and its real target-modality counterpart y, i.e.,
the ground-truth, the two-player game between the generator and the discriminator in our
sample-adaptive GANs follows the adversarial loss by training all the three sub-networks:

LGAN (Gc , Gg , D, P) = E[log D(x, y)]+
E[log (1 − D(x, Gg (Gc (x), fsx )))],

(5.1)

where, as mentioned before, Gc (·), Gg (·), and D(·) denote the outputs of the two parts in
the generator and the discriminator, respectively, and E indicates mathematical expectation.
Additionally, an L1-norm penalty on the voxel-wise intensity difference between the
synthesized target-modality sample Gg (Gc (x), fsx ) and the ground-truth y is applied to
enforce their similarity via the following objective function:
Lsample (Gc , Gg , P) = E[ky − Gg (Gc (x), fsx ))k1 ].

(5.2)

Moreover, in the sample-adaptive path, in order to make the learned feature fsx to
approximate the ground-truth target-modality feature A(y), the weighting network P is
trained (via the parameter Ws ) to best generate the combination weights ωb1 , . . ., ωbK by
minimizing the following objective function:
L f eature (P, Gc ) = E[kA(y) − fsx k22 ].

(5.3)

Note that, since the neighbors are identified by using fcx , and our GANs models are
trained end-to-end, optimizing Equation (5.3) will also contribute to the learning of Gc (·).
To synthesize realistic target-modality samples, the three sub-networks of our sampleadaptive GANs are jointly trained by integrating the above three objective functions into
a final one as follows:

max min LGAN (Gc , Gg , D, P)+
L f inal = arg min
min
c
g
G

G

D
c

P
g

λ Lsample (G , G , P) + ζ L f eature (P, Gc ),

(5.4)

where both λ and ζ are the hyper-parameters to balance these terms. In Algorithm 1, the
training details of updating the proposed SA-GANs are presented.
Finally, to achieve better synthesis performance, a more delicate sample-specific feature learning is practically implemented. Specifically, each local spatial part of an input
image sample has its unique linear combination. When the feature size of the entire sample is C × N × N × N (C is the number of feature channels), the target-modality feature of
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Algorithm 1 Training SA-GANs
input: The entire training set H = {(xt , yt ) for t = 1, . . ., T }, the number of training
epochs Nepoch , and two hyper-parameters λ and ζ .
1: while ne < Nepoch do
2:
for (x, y) in H do
3:
Get Gc (x) by Gc from x.
4:
Get fsx by P from Gc (x) and {(xt , yt ) for t = 1, . . ., T, and xt 6= x}.
5:
Get Gg (Gc (x), fsx ) by Gg .
6:
Get D(x, y) and D(x, Gg (Gc (x), fsx ))) by D.
7:
LGAN ← log D(x, y) + log (1 − D(x, Gg (Gc (x), fsx ))).
8:
Maximize LGAN to update D.
9:
Lsample ← ky − Gg (Gc (x), fsx ))k1 .
10:
L f eature ← kA(y) − fsx k22 .
11:
L f inal ← LGAN + λ Lsample + ζ L f eature .
12:
Minimize L f inal to update Gc , Gg , and P together.
13:
end for
14:
ne = ne + 1
15: end while
output: The trained two parts of generator Gc and Gg , weighting network P and the
discriminator D.
this local part (size: C × M × M × M) is obtained by integrating the target-modality features of its own K nearest small spatial parts with their corresponding local combination
weights. Therefore, each input sample x has (N/M)3 locally sample-specific combination
ways to depict the spatial characteristics in our end-to-end trained sample-adaptive path.

5.2.5

Network Architectures

Weighting Network
As mentioned, the sample-specific feature learning is spatially applied to the features of
each small part. In this work, the size (M) of these features is set as four to achieve
a more delicate feature learning. Every local part of K neighbors has its unique corresponding weight. Thus, a three-convolutional-layer weighting network P, as illustrated
in Figure 5.3, is designed to generate K combination weights for the K neighbors at the
same time. The detailed architecture of the weighting network is as follows: (1) a conv
layer with 2 × 2 × 2 kernel size, 2 stride, and 256 output channels (the number of input
channels: C ∗ (K + 1)), a BN layer, and a ReLU layer, (2) a conv layer with 2 × 2 × 2
kernel size, 2 stride, and 64 output channels, a BN layer, and a ReLU layer, and (3) a conv
layer with 1 × 1 × 1 kernel size, 1 stride, and K output channels, and a Sigmoid layer.
With the Sigmoid layer, the values of all these K generated combination weights are in
(0, 1).
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Input features
(C*(K+1))×M×M×M

conv block (U)
Conv (U×2×2×2) Stride 2
Batchnorm ReLU

conv block (256)
conv block (64)
Conv (K×1×1×1)
Sigmoid
K×1×1×1

Output weights
Figure 5.3: Architecture of weighting network. The weighting network contains three
convolutional layers to generate K combination weights with their values in (0, 1).

3D GAN
In this chapter, we integrate the proposed sample adaptive strategy with two backbone
GANs models in order to demonstrate the flexibility of our strategy to different GANs.
These two models are the 3D cGAN model and the dEa-GAN model that are presented
in Chapter 3. Using these two models to construct the common path respectively, we
call our resulting models SA-GAN (with respect to 3D cGAN) and dEA-SA-GAN (with
respect to dEa-GAN) accordingly. The generators of both models take the U-net-like
architecture including seven convolutional layers and seven up-convolutional layers with
the skip-connections between each pair of them, and their discriminators are CNN-based
networks with six convolutional layers. We follow their original architectures except that
in the l-th layer of their generators, the number of input channels is increased due to the
additional C channels of the sample-specific feature learned from the sample-adaptive
path. When the size of input samples is 128 × 128 × 128, the number of l is 11. When the
input size is 64×64×64, we remove the second to last convolutional layer and the second
up-convolutional layer from the original generators of both SA-GAN and dEa-SA-GAN
models to fit the input size and therefore set the number of l as nine.
Auto-encoder
The auto-encoder A is an external pre-trained model used to extract the target-modality
features for the sample-adaptive path. It contains an encoder and a decoder, as shown in
Figure 5.4. The encoder consists of four convolutional (conv) blocks, and the decoder
includes four up-convolutional (up-conv) blocks. Each of these eight conv and up-conv
blocks has three layers, orderly corresponding to a conv (or up-conv) layer with 4 × 4 × 4
kernel size and 2 stride (or 1/2 stride for up-conv layer), a batch normalization (BN)
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Target-modality sample
128×128×128
or 64×64×64

conv block (U)

conv block (64)

Conv (U×4×4×4) Stride 2

conv block (128)

Batchnorm LeakyReLU

conv block (256)

Features
C×N×N×N

conv block (512)

up-conv block (U)
Conv (U×4×4×4) Stride 1/2
Batchnorm ReLU

up-conv block (256)
up-conv block (128)
up-conv block (64)
up-conv block (1)

Output

Figure 5.4: Architecture of auto-encoder. The auto-encoder includes a fourconvolutional-layer encoder and a four-up-convolution-layer decoder. When it is applied
to extract target-modality features, these features are produced from the third convolutional block in its encoder.

layer, and a ReLU layer. The ReLU layers in the encoder are LeakyReLU with the slope
of 0.2. From the shallower to the deeper layers of the auto-encoder, the numbers of output
channels in these eight blocks are 64, 128, 256, 512, 256, 128, 64, and 1, respectively.
When the size of input samples is 128 × 128 × 128 or 64 × 64 × 64, the target-modality
features A(·) extracted from the third conv block in the encoder will have the size of
256 × 16 × 16 × 16 (C = 256 and N = 16) or 256 × 8 × 8 × 8 (C = 256 and N = 8).

5.2.6

Implementation

As discussed in [141], training GAN models experience a common issue that they may
become unstable. This is due to that the discriminator more easily has the powerful ability
than the generator, which leads to the unbalanced competition between these two agents
during training. At the initial stage of training the proposed sample-adaptive GANs, the
extracted common features from the first part of their generators, i.e., Gc , tend to be of
poor quality. This may degrade the accuracy of KNNs identification which is an important step in the sample-adaptive path. As a result, it will adversely affect the performance
of the subsequent feature integration and final synthesis, and even negatively impact the
balance between the generator and the discriminator. To deal with this issue, a training
strategy is utilized to better improve the synthesis performance in the initial stage by gradually increasing the difficulty of feature learning in the sample-adaptive path. Specifically,
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in the first 20 training epochs, the real target-modality feature A(y) rather than the learned
source-modality feature is applied to directly identify its neighbors. By this means, the
parameters in the entire proposed models including those in Gc could be well trained at
the beginning. After these 20 epochs, Gc could estimate better source-modality features
which will be used in the KNNs identification as presented in Section 5.2.3. Therefore,
this strategy could raise the robustness of the proposed GAN models during training.
Deep learning models, especially the 3D CNN based ones, contain numerous trainable
parameters to capture the comprehensive and the hidden information from the input. As
a result, compared with the conventional models which only use hand-crafted features,
training a deep learning model requires a much longer period of time. For the proposed
SA-GAN and dEa-SA-GAN models, all the training samples should be passed through Gc
once to extract updated features for the input samples in every training batch. This will
further increase the training time. In this case, it is a trade-off between training efficiency
and training performance. Thus, we extract the features fcxt (t = 1, . . . , T, and x 6= xt ) of
all the training samples except x once for every 30 training batches during the samplespecific feature learning. This strategy could significantly improve training efficiency but
have little negative impact on the training quality.

5.3
5.3.1

Experimental Results
Datasets

The proposed SA-GAN and dEa-SA-GAN models are evaluated on two MRI datasets, i.e.,
brain tumor contained BRATS2015 [14] and stroke lesion contained SISS2015 [16]. The
details about BRATS2015 dataset has been presented in Chapter 4. The SISS2015 dataset
has 28 subjects with the MR images (size: 230 × 230 × 153 pixels or 230 × 230 × 154
pixels) from T1w, T2w, FLAIR, and diffusion-weighted imaging (DWI) modalities. For
this dataset, we conduct a synthesis task from T1 to FLAIR. Similar to Chapter 4, the
proposed models are trained on the BRATS2015 and SSIS2015 datasets using 5-fold
cross-validation (except from the experiments in ablation study and segmentation evaluation), and the original intensity values are re-scaled to [-1,1]. Since the SISS2015
dataset consists of fewer subjects than BRATS2015, we extract 48 large patches with size
64 × 64 × 64 from each MR image, and also average the overlapped regions in the final estimation. All the MR images of the same subject in these two datasets have been
co-registered.
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Experimental Settings

Both SA-GAN and dEa-SA-GAN models are trained with 150 epochs for all three synthesis tasks. The learning rate of the three sub-networks in the proposed models is set as
0.0002 in the first 100 epochs, and then it linearly decays to zero in the last 50 epochs.
Adam solver with the mini-batch size of six is applied to optimize the proposed models.
The hyper-parameters λ and ζ in Equation. 5.4 are set as 300 and 150 to balance the terms
in the training objectives, respectively. The number of searched nearest neighbors, i.e., K,
in the sample-adaptive path is set as seven for the two tasks on the BRATS2015 dataset
and five on the SISS2015 dataset considering training efficiency and computational cost.

5.3.3

Methods in Comparison

The proposed SA-GAN and dEa-SA-GAN models are compared with their corresponding
backbone models, i.e., the original 3D cGAN and dEa-GAN from Chapter 4, and other
six state-of-the-art cross-modality MR image synthesis models in the recent literature:
Replica [41], Multimodal [63], pGAN [64], perceptual GAN [32], WGAN-GP [28], and
gradient cGAN [148].
1. 3D cGAN from Chapter 3 is the backbone of the baseline path in SA-GAN. It
learns a global space mapping for synthesis by a 3D GAN model with the objective
to ensure the voxel-wise intensity similarity.
2. dEa-GAN from Chapter 4 is the backbone of the baseline path in dEa-SA-GAN. It
preserves the edge information of 3D MR samples during learning a global space
mapping for synthesis through adversarial learning.
3. Replica [41] is an approach that trains random forests with the hand-crafted features
from multi-resolution 3D patches for synthesis.
4. Multimodal [63] learns a global space mapping to synthesize the axial slices of MR
images by a conventional 2D CNN-based model.
5. pGAN [64] is a 2D GAN model, learning a global space mapping to synthesize
the axial slices of MR images with the objective to ensure the pixel-wise intensity
similarity.
6. Perceptual GAN [32] is based on the same 2D GAN model as the pGAN [64], but
it additionally uses a pre-trained VGG encoder to extract the features of the real
and the synthesized sample pairs and enforces their features to be similar through
adversarial training. Perceptual GAN also learns a global sample space mapping
like pGAN [64].
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7. WGAN-GP [28] uses the same 2D GAN model as the pGAN [64], but it employs
Wasserstein distance for adversarial learning to improve the stability of training
procedure. It still learns a global sample space mapping.
8. gradient cGAN from Chapter 4 is a usual 3D GAN model and trained with an
additional gradient similarity loss from [47].
The experiments on these seven compared models are conducted by using the codes obtained from their authors and following their original papers for both image pre-processing
steps and model settings. Their codes are re-run on the two datasets employed in this work
to ensure fair comparisons.

5.3.4

Ablation Study

Table 5.1: Ablation study on K by the proposed SA-GAN for three synthesis tasks
according to PSNR values.

K

FLAIR (BRATS2015)

T2 (BRATS2015)

FLAIR (SISS2015)

K=3
K=5
K=7

30.14
30.19
30.37

29.68
29.56
29.83

30.39
30.47
30.32

3D cGAN

29.21

28.98

29.45

In the proposed SA-GANs, the key hyper-parameter is the number of neighbors, i.e., K,
used in the sample-adaptive path. To study its effect on the final synthesis performance,
we conduct the sensitivity experiment by setting K = 3, 5, and 7 on the three synthesis
tasks, respectively. We randomly partition each dataset into 80% for training and 20% for
test in this experiment. The PSNR values of their synthesis results are presented in Table 5.1. As shown, the performance of the proposed SA-GAN models with different Ks is
not very sensitive to the change of the K value. Moreover, its performance is consistently
higher than that of the baseline model, i.e., 3D cGAN. In this work, we set Ks as seven for
all the experiments on BRATS2015 dataset (its size is relatively large, with 274 subjects)
and five on SSIS2015 dataset (its size is relatively small, with 28 subjects).

5.3.5

Results on BRATS2015

In this section, we present the experimental results on the BRATS2015 dataset. The
quantitative results of the two synthesis tasks on whole images including the brain region
and the background are reported in the upper parts of Tables 5.2, 5.3 and 5.4. Moreover, the synthesis results evaluated on tumor regions are provided in the lower parts
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of Tables 5.2, 5.3 and 5.4. In order to test the significance of the improvements from
baselines, a paired t-test is applied. If the improvements of the proposed SA-GAN and
dEa-SA-GAN models over their corresponding baselines, i.e., 3D cGAN and dEa-GAN,
are statistically significant, the results from the proposed methods will be underlined in
Tables 5.2 and 5.3. In this work, we use the significance level of 0.05.
Comparison with Baselines
To study the effectiveness of the proposed sample-adaptive learning strategy, we compare
the SA-GAN and dEa-SA-GAN with their corresponding baselines, i.e., the original 3D
cGAN and dEa-GAN. The results on whole images in two synthesis tasks are reported in
the upper parts of Tables 5.2 and 5.3, respectively. As shown, both proposed methods SAGAN and dEa-SA-GAN outperform their corresponding baselines by achieving higher
PSNR and SSIM and lower NMSE consistently over the two synthesis tasks of T1-toFLAIR and T1-to-T2.
The advantages of the proposed methods become more salient on the tumor regions,
as reported in the lower parts of Tables 5.2 and 5.3. Specifically, SA-GAN improves
3D cGAN on tumor regions by about 1.12dB PSNR, 0.009 NMSE, and 0.028 SSIM in
the T1-to-FLAIR task, and 1.11dB PSNR, 0.007 NMSE, and 0.040 SSIM in the T1-toT2 task, respectively. Also, dEa-SA-GAN raises the performance of dEa-GAN by 1.44dB
PSNR, 0.003 NMSE, and 0.040 SSIM in the T1-to-FLAIR task, and 1.18dB PSNR, 0.005
NMSE, and 0.029 SSIM in the T1-to-T2 task, respectively.
Please note that the relatively large standard deviation (STD) values are mainly due to
the variation of images rather than purely from methods in comparison. Therefore, the
paired t-test is employed to purely compare two methods, which calculates the STD of the
difference of the compared results rather than the STD of the results directly. For example,
in terms of PSNR on whole images, the STD of the difference between SA-GAN and 3D
cGAN is only 0.79 and that between dEa-SA-GAN and dEa-GAN is 0.63, which are in
contrast to the sample-based STD values that are around 3. According to the paired t-test,
our improvements are statistically significant (at the level of 0.05) on both tumor regions
and whole images.
To further explore the advantages of our proposed methods, the numbers of subjects
that the proposed models win or lose to their corresponding baselines (in terms of PSNR)
are also given in Tables 5.2 and 5.3. As shown, for more than 80% of all subjects in
BRATS2015 dataset, our proposed models outperform their corresponding baselines for
both whole image synthesis (except dEa-SA-GAN vs dEA-GAN on T1-to-FLAIR task.
In that case, ours outperforms on 72% of all subjects.) and tumor region synthesis. These
results are consistent with the results of the paired t-test, which reinforces the statistical
significance of our improvements.

Methods
3D cGAN from Chapter 3 (baseline 1)
SA-GAN (proposed)
Whole image
dEa-GAN from Chapter 4 (baseline 2)
dEa-SA-GAN (proposed)
3D cGAN from Chapter 3 (baseline 1)
SA-GAN (proposed)
Tumor region
dEa-GAN from Chapter 4 (baseline 2)
dEa-SA-GAN (proposed)
PSNR
29.26±3.21
30.21±3.10
30.11±3.22
30.68±3.14
15.95±3.52
17.07±3.38
16.90±3.59
18.34±3.47

NMSE
0.119±0.205
0.104±0.181
0.105±0.174
0.101±0.178
0.098±0.094
0.089±0.097
0.084±0.099
0.081±0.099

SSIM
0.958±0.016
0.962±0.015
0.963±0.016
0.965±0.016
0.681±0.090
0.709±0.089
0.705±0.093
0.745±0.100

242/32

229/45

197/77

236/38

win/lose

Table 5.2: T1 to FLAIR on BRATS2015 dataset: comparison with baselines. The evaluations (mean±STD) are provided for both the whole images
and the tumor regions. The win/lose indicates the number of subjects that the proposed models win / lose to their corresponding baselines according to
PSNR values.
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Methods
3D cGAN from Chapter 3 (baseline 1)
SA-GAN (proposed)
Whole image
dEa-GAN from Chapter 4 (baseline 2)
dEa-SA-GAN (proposed)
3D cGAN from Chapter 3 (baseline 1)
SA-GAN (proposed)
Tumor region
dEa-GAN from Chapter 4 (baseline 2)
dEa-SA-GAN (proposed)
PSNR
29.34±3.23
30.01±3.11
29.98±3.37
30.62±3.10
16.79±3.56
17.90±3.42
18.02±3.55
19.20±3.27

NMSE
0.095±0.199
0.087±0.203
0.088±0.223
0.082±0.192
0.089±0.093
0.082±0.085
0.079±0.098
0.074±0.082

SSIM
0.964±0.017
0.967±0.016
0.967±0.016
0.970±0.017
0.725±0.099
0.765±0.098
0.766±0.098
0.795±0.101

239/35

230/44

211/63

215/59

win/lose

Table 5.3: T1 to T2 on BRATS2015 dataset: comparison with baselines. The evaluations (mean±STD) are provided for both the whole images and the
tumor regions. The win/lose indicates the number of subjects that the proposed models win / lose to their corresponding baselines according to PSNR
values.
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PSNR
Replica [41]
27.17±2.60
Multimodal [63]
27.26±2.82
pGAN [64]
27.46±2.55
Whole image
perceptual GAN [32]
25.88±3.24
WGAN-GP [28]
27.37±2.62
gradient cGAN from Chapter 4 29.38±3.25
SA-GAN (proposed)
30.21±3.10
dEa-SA-GAN (proposed)
30.68±3.14
Replica [41]
13.34±3.41
Multimodal [63]
13.82±3.66
pGAN [64]
14.48±3.12
Tumor region
perceptual GAN [32]
13.18±3.54
WGAN-GP [28]
14.51±3.29
gradient cGAN from Chapter 4 15.67±3.63
SA-GAN (proposed)
17.07±3.38
dEa-SA-GAN (proposed)
18.34±3.47

Methods

T1 to FLAIR
NMSE
0.171±0.267
0.184±0.284
0.144±0.189
0.290±0.211
0.146±0.201
0.116±0.204
0.104±0.181
0.101±0.178
0.137±0.068
0.131±0.076
0.127±0.093
0.189±0.104
0.125±0.088
0.104±0.123
0.089±0.097
0.081±0.099
SSIM
0.939±0.013
0.950±0.014
0.940±0.015
0.898±0.019
0.943±0.015
0.960±0.017
0.962±0.015
0.965±0.016
0.601±0.083
0.638±0.096
0.618±0.084
0.548±0.097
0.630±0.086
0.682±0.090
0.709±0.089
0.745±0.100

PSNR
26.92±2.36
27.31±2.39
28.12±2.45
24.99±3.25
28.13±2.85
29.43±3.28
30.01±3.11
30.62±3.10
14.93±3.17
15.50±3.75
16.03±3.10
13.33±3.54
15.90±3.44
16.87±3.40
17.90±3.42
19.20±3.27

T1 to T2
NMSE
0.158±0.324
0.140±0.229
0.110±0.220
0.307±0.225
0.117±0.287
0.097±0.210
0.087±0.203
0.082±0.192
0.123±0.084
0.109±0.117
0.099±0.084
0.212±0.113
0.102±0.097
0.085±0.089
0.082±0.085
0.074±0.082

SSIM
0.946±0.015
0.951±0.016
0.953±0.014
0.873±0.022
0.955±0.015
0.966±0.017
0.967±0.016
0.970±0.017
0.650±0.139
0.689±0.138
0.703±0.095
0.488±0.104
0.712±0.091
0.752±0.098
0.765±0.098
0.795±0.101

Table 5.4: Comparison with the state-of-the-art methods on the BRATS2015 dataset. Evaluations (mean±STD) are provided for both the whole images
and the tumor regions.
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pdEa-GAN

(j)

PSNR=31.32dB

proposed
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Figure 5.5: Comparison between the two proposed models and other state-of-the-art methods (T1 to FLAIR on BRATS2015 dataset). The (a)-(j)
regions in circles contain the boundaries between tumor and healthy tissues. As shown by the small values in the difference maps of (h) and (j), they are
better synthesized by SA-GAN and dEa-SA-GAN methods.
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Figure 5.6: Comparison between the two proposed models and other state-of-the-art methods (T1 to T2 on BRATS2015 dataset). The (a)-(j) regions
in circles contain the boundaries between tumor and healthy tissues. As shown by the small values in the difference maps of (h) and (j), they are more
clearly synthesized by SA-GAN and dEa-SA-GAN methods.
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Comparisons with State-of-the-art Methods
We further compare the proposed SA-GAN and dEa-SA-GAN with another six state-ofthe-art models, i.e., Replica [41], Multimodal [63], pGAN [64], perceptual GAN [32],
WGAN-GP [28], and gradient cGAN from Chapter 4 for cross-modality MR image
synthesis. As shown in the upper part of Table 5.4, both SA-GAN and dEa-SA-GAN
achieve better results than the other four compared methods in terms of all three evaluation measurements on both synthesis tasks. Among the compared methods, the perceptual
GAN [32] seems to have inferior performance. This may be due to the fact that the VGG
model pre-trained on generic image dataset (e.g., ImageNet) cannot be directly applied to
medical images since they have a significant different nature from the generic images. The
second worst results are obtained by Replica [41], indicating the importance of learning
deep features and using whole-image/large-patches for synthesis. Also, except perceptual
GAN [32], the other five GAN-based models perform better than Multimodal [63] using CNN, showing the advantages of adversarial learning. Further comparing the results
from our proposed methods with those from pGAN [64] and gradient cGAN from Chapter 4, we could observe that SA-GAN and dEa-SA-GAN generate better synthesis with
considerable improvements than those two GAN models using different training objectives and learning the global sample space mapping for synthesis. Since gradient cGAN
from Chapter 4 has better performance in the four methods in comparison, paired t-tests
are conducted between gradient cGAN and SA-GAN, and between gradient cGAN and
dEa-SA-GAN. The results of the tests indicate that almost all the improvements of the
proposed models from gradient cGAN are statistically significant (at the level of 0.05).
Again, from the lower part of Table 5.4, we can see that the superiority of the proposed
models over other compared methods become more salient on the synthesized tumor regions. This is similar to our observations in comparison with the baselines.
Two visual examples of the results are provided in Figure 5.5 and Figure 5.6. It can be
seen that the proposed SA-GAN and dEa-SA-GAN produce visually clearer local details
when the synthesized images are zoomed in the rectangles, and their generated images
seem to have higher fidelity with the ground-truth.
Segmentation Evaluation on the Synthesized Images
In order to further study the quality of synthesized tumor parts, the popular brain tumor
segmentation model Deepmedic [107] is applied to examine the segmentation performance obtained using the synthesized FLAIR and T2 images. We use two schemes to
evaluate the dice scores of whole tumors segmented from the synthesized images produced by SA-GAN and dEa-SA-GAN, respectively, and compare them with the results
from the two baselines, i.e., 3D cGAN and dEa-GAN. In the first scheme (denoted as
Real&Syn), we trained the segmentation model using the real FLAIR or T2 images (i.e.,
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Table 5.5: Dice scores (mean±STD) of whole tumor segmentation on the synthesized
images. Paired t-tests are conducted between the proposed methods, i.e., SA-GAN
and dEa-SA-GAN, and their baselines at the significance level of 0.05, respectively.
When the segmentation improvement is statistically significant, the result of the proposed method will be underlined.

Methods
3D cGAN
SA-GAN
dEa-GAN
dEa-SA-GAN

Real&Syn
FLAIR
T2
0.667±0.194 0.658±0.189
0.707±0.201 0.702±0.200
0.689±0.174 0.698±0.180
0.721±0.173 0.711±0.186

Syn&Syn
FLAIR
T2
0.671±0.179 0.665±0.203
0.703±0.190 0.710±0.195
0.694±0.182 0.688±0.180
0.715±0.179 0.718±0.183

target modality) from training set (randomly selected 80% data). This model was then
applied to segment the tumors in the synthesized FLAIR or T2 images from test set (the
rest 20% data). The results are shown in the left part of Table 5.5. As can be seen, the
segmentation model achieved significantly better results on the images synthesized by
our sample-adaptive GANs (SA-GAN and dEa-SA-GAN) than those synthesized by the
corresponding baselines (3D cGAN and dEa-GAN). This suggests that our synthesized
FLAIR or T2 images more resemble the real target modality images (from the perspective of segmentation), so that the segmentation model trained using the real target modality images could be better generalized to our synthesized images. In the second scheme
(denoted as Syn&Syn), we trained the segmentation models using the training set of the
synthesized images, and then applied the segmentation model to segment the tumors in
the test set of the synthesized images. The results are shown in the right part of Table 5.5.
Again, the segmentation model trained using our synthesized images shows better tumor
segmentation performance than that trained using the images synthesized by the corresponding baseline methods of 3D cGAN and dEa-GAN. These experiments demonstrate
the advantage of our sample-adaptive strategies, suggesting the characteristics of tumors
may be better preserved in our synthesis.

5.3.6

Results on SISS2015

Table 5.6 reports the quantitative evaluation results on the SISS2015 dataset. As shown,
the proposed dEa-SA-GAN performs best among the methods in comparison by considerable improvements that raises PSNR from 29.09 (Replica) to 31.08 (dEa-SA-GAN),
lowers NMSE from 0.092 (Replica) to 0.061 (dEa-SA-GAN), and increases SSIM from
0.948 (Replica) to 0.961 (dEa-SA-GAN), respectively. The proposed SA-GAN method
achieves the second-best performance. These experimental results demonstrate the superior synthesis quality of the images by the proposed methods on this dataset. Also, the
proposed sample-adaptive strategy shows its effectiveness when comparing the proposed
models with their corresponding baselines again. This is also verified by paired t-tests
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Figure 5.7: Comparison between the two proposed models and other state-of-the-art methods (T1 to FLAIR on SISS2015 dataset). The (a)-(j) regions
in circles indicate where the visual difference between tissues is better perceived by SA-GAN and dEa-SA-GAN methods, as shown by the small values
in the difference maps of (h) and (j).
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Table 5.6: Quantitative evaluation results of the synthesized FLAIR-like images from
T1 on the SISS2015 dataset (mean±STD). Paired t-tests are conducted between the proposed methods, i.e., SA-GAN and dEa-SA-GAN, and their baselines at the significance
level of 0.05, respectively. When the improvement is statistically significant, the result
of the proposed method will be underlined.

Methods
Replica [41]
Multimodal [63]
pGAN [64]
perceptual GAN [32]
WGAN-GP [28]
gradient cGAN [148]
3D cGAN [148] (baseline 1)
SA-GAN (proposed)
dEa-GAN [148] (baseline 2)
dEa-SA-GAN (proposed)

PSNR
29.09±2.34
29.45±2.21
29.59±1.83
25.69±2.37
29.42±1.60
29.83±2.16
29.82±2.15
30.54±2.06
30.41±2.16
31.08±2.01

NMSE
SSIM
0.092±0.097 0.948±0.012
0.094±0.110 0.948±0.013
0.090±0.090 0.947±0.011
0.178±0.129 0.894±0.027
0.092±0.107 0.949±0.011
0.083±0.102 0.950±0.012
0.084±0.110 0.950±0.012
0.069±0.094 0.955±0.010
0.073±0.089 0.956±0.011
0.061±0.092 0.961±0.012

at a significance level of 0.05 between the proposed models and their baselines. A visual example of the synthesized images is presented in Figure 5.7. Although all models
generate FLAIR images with relatively good-quality, the visual difference between tissues in the synthesized images by SA-GAN and dEa-SA-GAN could be better perceived
than those produced by the other state-of-the-art methods, as indicated by the circles in
zoomed rectangles.

5.4

Discussion

In this chapter, we propose sample-adaptive GAN-based models aiming at improving the
cross-modality MR image synthesis. In addition to the common global cross-modality
mapping learned by existing GANs models, our proposed models have an additional
sample-adaptive path to learn the local cross-modality mapping around a given sample.
This allows our models to flexibly handle subtle sample-specific features for better synthesis. The proposed framework can be built upon various backbone networks to further
improve them. The effectiveness of the proposed framework can be demonstrated by
the advantages of SA-GAN and dEa-SA-GAN over their corresponding baselines. The
improvement purely comes from the sample-adaptive path that provides auxiliary information to assist the synthesis of the baseline path (backbone network). Note that dEaSA-GAN performs better than SA-GAN since the former builds upon a more powerful
baseline dEa-GAN that utilizes edge information. When new and better backbone networks appear (which is not the focus of this chapter though), our sample-adaptive strategy
could be integrated to further improve them. In this sense, our sample-adaptive models
do not compete with but complement the existing GAN models. Moreover, from the ex-
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perimental results, we can see that the advantages of our sample-adaptive GANs models
become more salient in tumor regions than in the whole images. This shows the evident
benefits of learning local sample space mapping to depict the useful fine details in the
synthesis. Also, the proposed sample-adaptive models outperform the existing models
in comparison, which include two GANs-based models. It is interesting to see that although the backbone network 3D cGAN performs worse than the gradient cGAN since
3D cGAN does not utilize gradient/edge information, its sample-adaptive counterpart SAGAN outperforms gradient cGAN in both two datasets for all three synthesis tasks. This
also reflects the benefits of our proposed sample-adaptive learning framework.
More discussions about the proposed framework are given as follows.

5.4.1

Discussion about Smoothness Assumption
real test data

w1=0.32 w2=0.15 w3=0.16 w4=0.07 w5=0.12 w6=0.07 w7=0.05

Sourcemodality
Targetmodality

K nearest neighbours
Figure 5.8: An example of test data, its nearest neighbors, and their generated weights.

In section 5.2.3, we assumed that the mapping from the source-modality space to the
target-modality space is locally smooth. This smoothness assumption in sample space
is a very common assumption used not only in the easier computer vision tasks, like
classification, but also in the more difficult segmentation [149] and synthesis [40, 150].
This assumption also holds in medical image analysis, since medical images are quite
similar in anatomy, and the shift from one subject to another is relatively small. Therefore,
the classifiers for dense prediction (e.g, segmentation and synthesis) could be possibly
interpolated from those of its neighboring samples effectively. More importantly, we only
apply this smoothness assumption to interpolate the aligned corresponding image parts
rather than the entire images. In addition, we provide an example of a test data from
BRATS2015 for the T1-to-FLAIR synthesis task, its seven nearest neighbors, and their
weights generated by our SA-GANs in Figure 5.8. It can be seen that the appearance of
the found target-modality neighbors is very similar to that of the test data, which shows
that the assumption works well in our SA-GANs.
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Discussion about Labeled Samples

In our sample-adaptive path, the labeled samples (training samples) are used to find the
KNNs of the input sample. The generality of the used labeled samples will affect the
quality of the learnt local sample space mapping. When the labeled samples are very
few and sparse in the sample space (e.g., a small number of samples far away from each
other), we would not expect good performance from either the global or the local sample
space mapping. But we would like to point out that, in the brain, there is relatively high
redundancy in anatomical features of healthy tissue (as well as quasi-symmetry). Moreover, the images are often spatially co-registered (such as the images in BRATS2015) for
analysis, which further makes them closer to each other and the interpolation of local image patches become possible. However, such information has not been fully utilized in
the existing GANs models that learn a single global sample space mapping. When using
a single global sample space mapping to capture both the transformation at the whole
image level and the subtle and critical details around tumors, this mapping does become
very complicated. As one of the motivations in this chapter, we decompose the learning
of the global and the local sample space mappings to reduce the complexity of learning
problem, with the baseline path learning the global sample space mapping as usual and
the sample-adaptive path learning the local sample space mapping for further refinement.
Unfortunately, there is no good a-priori rule on what number for samples would be need,
and so careful validation is always required to ascertain the clinical utility of the technique
and its limitations.

5.4.3

Difference between Non-local methods and Our Framework

The proposed sample-adaptive path in our framework is substantially different from nonlocal methods. The primary difference is that they work in two different spaces, i.e., the
non-local methods work on the image pixels, while our method works in the image sample
space. Although both methods learn weights for the local parts of feature maps, the nonlocal methods for static images focus on obtaining the long-range dependence among the
pixels in one input image sample [151]. Differently, our SA-GANs are designed to capture
the similarity between a training image sample and its candidate neighboring samples and
generate weights to integrate the feature maps of the K nearest neighbors. In this way, we
could capture the sample-specific features through the neighborhood-ship in the sample
space.

5.5

Conclusion

This chapter points that a unified global model, which is trained for the whole-space
mapping, could be insufficient for image synthesis due to the complexity of the prob-
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lem, the scarcity of labeled data, and the variation among all the input image samples.
To handle this issue, it proposes two novel end-to-end trained sample-adaptive GANs,
i.e., SA-GAN and dEa-SA-GAN, for cross-modality lesion contained MR image synthesis. The proposed sample-adaptive learning strategy successfully extracts the particular
features of each sample and learns its unique local sample space mapping for synthesis.
Moreover, to build the better sample-specific path, the accessible real target-modality information is explicitly employed in both training and test stages during the learning of
the local sample space mappings. The experimental results have demonstrated that our
sample-adaptive framework can significantly improve the performance of the common
GAN models and also outperform the state-of-the-art methods, including the commonly
learnt GANs, in the recent literature on multiple MR image synthesis tasks.

Chapter 6
Learning Sample-adaptive Intensity
Lookup Tables for Brain Tumor
Segmentation
The effectiveness of additionally learning sample-adaptive mapping models for different
samples has been demonstrated in Chapter 4. They could mitigate the problem that is
brought from the whole sample-space mapping when a unified model is learnt to expect
to match all the varied samples. It is worth exploring sample-adaptive learning for segmentation tasks. What if actively cope with the sample-specific visual variations among
all the given images so that they can better adapt to the final segmentation task? For example, in the MR image segmentation task, the sample-adaptive intensity adjustment is
learnt to mitigate the issue of too significant visual variations and also fit the adjusted samples to the subsequent segmentation. In this chapter, a CNNs based learning framework
is proposed for brain tumor segmentation by MR images. It learns the sample-adaptive
intensity lookup tables to dynamically transform the intensity contrast of input MR images, which could best support an optimal segmentation network and achieve the better
performance.

6.0.1

Introduction

The location and appearance of brain tumors are key to the diagnosis and treatment of
brain cancers. Such information is usually acquired by the non-invasive magnetic resonance imaging (MRI) and extracted by segmenting the tumor regions in the scanned
images. However, accurate brain tumor segmentation is always challenging. For example, as one of the most aggressive brain tumors, glioma affects tens of thousands adults
around the world [14, 152, 153]. Compared with some brain tumors like meningiomas,
the extent of gliomas is more difficult to accurately define, due to their different shapes,
sizes, and diffused locations which vary from patient to patient [6]. Moreover, gliomas of99
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Figure 6.1: Tumor carried MR images of FLAIR modality preprocessed after the zeromean and unit-STD normalization. Their normalized intensity scales are given in the
bottom of images. After this linear rescaling, the significant intensity variation among
MR images still remains.

ten extend their tentacle-like structures to invade the healthy brain tissues rather than just
replacing them, which results in subtle changes and fuzzy tumor boundaries [11]. The
accurate manual annotations of gliomas require laborious efforts from the professional
radiologists [19] and could burden the workload in clinics. Therefore, automatic brain tumor segmentation methods on MR images would be beneficial in speeding up the process
and provide objective and repeatable measurements for the radiation therapy treatment.

6.0.2

Motivation

The intensity values in MR images are not quantitative. Even the scanned intensities of the
same tissue type can be distinctly different among MR images [154, 155]. In the brain tumor imaging, this results in the tumor-surround-contrast being much weaker in some MR
images than others. This intensity variation inevitably increases the difficulty of training
the segmentation model and generalizing it to any new MR images, which is the problem
of interest in this work. To eliminate variations in image intensity, a preprocessing step,
intensity normalization [155], is used to align the intensity values of MR images with a
standard before image analysis is performed. This is also applied in some deep learning
based approaches to preprocess the images for brain tumor segmentation [156]. Intensity
normalization methods usually alter the histograms of MR images so that the discrepancy
among these histograms is minimized after the normalization step [155, 157, 158]. However, this kind of intensity normalization approaches needs to be employed deliberately as
an independent preprocessing step before segmentation. Since this step is not guided by
the subsequent segmentation or interpretation task, some critical pathological clues in the
original MR images may be adversely affected. Consequently, complicated intensity normalization steps are not commonly applied before the automatic MR image segmentation
methods. Instead, a simple zero-mean and unit-STD (standard deviation) normalization
is often adopted to preprocess MR images, which linearly rescales the intensity values.
However, as shown in Figure 6.1, the intensity values still exhibit significant variation
after this normalization.
This chapter proposes an end-to-end learning framework where sample-adaptive inten-
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sity lookup tables (LuTs) are learnt to cope with differently contrasted MR images and
promote brain tumor segmentation performance. The idea behind our work comes from
our observation about how doctors deliver manual annotation. Relying on their expertise,
the doctors usually adjust the intensity contrast of the whole MR image using software
tools to highlight and make the regions of interest protruded, which helps better depict
the contours of these regions. During this process, the doctors attempt to find a relatively
ideal intensity mapping function through their naked (but trained) eyes for annotation.
This procedure highly depends on the doctors’ individual experience and the images are
processed one by one. Inspired by this observation, we propose a learning framework that
has two benefits. On one hand, it automatically learns the intensity-level mapping function
(i.e., LuT) that suits the following segmentation task, which does not need the doctors’
intervention; on the other hand, the learnt mapping function adapts to various MR images
with different tumor-surrounding contrasts, therefore relaxing the training and generalization of the segmentation model to some extent. To be more specific, each individual MR
image is particularly assigned with an intensity LuT, which is associated with a nonlinear
mapping function that caters for the individual need of intensity adjustment. We explore
two families of nonlinear mapping functions, i.e., piece-wise linear mapping functions
and power mapping functions. The parameters of the mapping function are automatically
predicted in our SA-LuT-Net, which vary with the input MR images. The intensity LuT
and the subsequent segmentation model are trained together in an end-to-end manner only
with the supervision of segmentation criterion. In this way, they can negotiate with each
other to improve the segmentation performance. The superiority of our SA-LuT-Net is
also demonstrated on both BRATS2018 and BRATS2019 [19] validation sets. The online evaluation results are used to validate that our method achieves better performance
than many other state-of-the-art methods, while using fewer model parameters. Moreover, the transferring ability of the learnt LuTs is also evaluated by applying the LuTs
learnt using one segmentation model to another segmentation model to improve the latter’s performance. With this investigation, we could have an insight into the crucial visual
adjustment knowledge that is learnt during in the proposed SA-LuT-Net.

6.1
6.1.1

Proposed method
Overview

This chapter proposes a SA-LuT-Net framework to explicitly handle MR intensity variation through learning sample-adaptive intensity LuTs for segmentation. An intensity LuT
corresponds to a nonlinear mapping function that could be used to adjust the intensity
levels of MR images from one set to another. In our case, a LuT takes the intensity levels
from the given MR image as the input, and outputs the transformed intensity levels that
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Segmentation model

MR images LuT module

Intensity lookup table

Figure 6.2: Overview of the proposed SA-LuT-Net framework under multi-modality
scenario. It integrates two modules into the joint learning: (1) a LuT module generating
the particular parameters of intensity mapping functions for every input MR image, and
(2) a segmentation module processing the intensity adjusted MR images to estimate the
labels of tumor regions. In this way, the learnt LuTs could help the input MR images
become more suitable for the downstream segmentation task and improve the ultimate
segmentation accuracy.

adjust the input contrast in the given MR image. In this way, the relevant visual information, like pathological tissues, could be better viewed. Due to the varying requirement of
intensity adjustment from image to image, an input MR image may need a sample-specific
mapping function and hence the corresponding LuT should be adaptive to different input
image. In the proposed SA-LuT-Net, the learning of the sample-adaptive LuT is guided
by the segmentation performance so that the learnt LuT could match the segmentation
task. Figure 6.2 illustrates the overview of our proposed SA-LuT-Net framework. To be
more specific, our framework incorporates a LuT module and a subsequent segmentation module. The LuT module generates the sample-adaptive parameters that determine
different mapping functions of the LuTs. Each mapping function is then applied to the
input MR image to change its intensity contrast. After that, the LuT-transformed image
is further used as the input of the following segmentation module to predict the final segmentation labels. Through the end-to-end training in the proposed SA-LuT-Net, the LuT
and the segmentation modules are jointly trained to negotiate with each other and achieve
the optimal segmentation results.

6.1.2

Intensity LuT Module

Diverse nonlinear functions could be used to model the intensity transformation mappings
of LuTs. Considering both the simplicity and flexibility, we choose two families of nonlinear functions, i.e., piece-wise linear functions and power functions, in this work.
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Figure 6.3: Two intensity lookup tables separately using (a) a piece-wise linear function
and (b) a power function. Both of them can transform the input intensity levels in an
MR image to the target levels by the estimated sample-specific parameters of mapping
functions.

Original MR image
3D Conv (16),
InstanceNorm, LeakyReLU
3D Conv (32),
InstanceNorm, LeakyReLU
3D Conv (64),
InstanceNorm, LeakyReLU
Dropout, FC (128), BatchNorm, Tanh
Dropout, FC (64), BatchNorm, Tanh
FC (4), [ReLU, Sigmoid]

Parameters of LuT
Figure 6.4: The architecture of a LuT module. It includes three convolutional blocks and
also three FC blocks to predict the parameters of LuTs. In its last block, it uses different
activation functions to constrain the value ranges of the parameters. Specifically, for the
piece-wise linear functions, ReLu and Sigmoid layers are used to ensure the value ranges
of the learnt parameters, while only RelU layer is applied for the power functions.
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Piece-wise Linear Function
A three-segment piece-wise linear function is plotted in Figure 6.3 (a) as an example, and
it could be mathematically formulated as:


a x + b1 , 0≤x < s1 ,

 1
x̂ = a2 x + b2 , s1 ≤x≤(s1 + s2 ),



a3 x + b3 , (s1 + s2 ) < x≤1,

(6.1)

where the intensity levels in the given MR image and its LuT-transformed image are
indicated by x and x̂, respectively. It is noted that, the real input intensity levels are
linearly rescaled in each MR image, so that both x and x̂ are between [0, 1]. The slope and
the bias of the i-th line segment are denoted by ai and bi (i = 1, 2, 3), respectively, while
the horizontal intervals of the i-th line segment are si (i = 1, 2). In a special case, when
ai = 1 and bi = 0, ∀i, the LuT becomes an identity mapping and the intensity levels of the
given MR image will remain the same. The identity mapping function is illustrated as the
dashed straight diagonal line in Figure 6.3 (a), indicating no intensity adjustment.
In the proposed SA-LuT-Net, the parameters of the mapping function are estimated by
the LuT module. The LuT module processes a given input MR image and predicts the
sample-specific values of the parameters ai , bi , and si for this input image. Taking the
three-segment piece-wise linear mapping as an instance, our LuT module will output a
four-dimensional vector, including a1 , a3 , s1 , and s2 as its elements. In addition, according
to the definition of mappings, the first line segment starts from the origin so that the
parameters b1 = 0 , and other parameters a2 , b2 , and b3 can be calculated from the output
parameters of the LuT module. Combining the above together, Equation (6.1) can be
rewritten as:


a1 x,
0≤x < s1 ,





a3 (s1 + s2 − 1) − a1 s1 + 1


x

s2
(6.2)
x̂ =

(a1 − a3 )(s1 + s2 )s1 + (a3 − 1)s1


, s1 ≤x≤(s1 + s2 ),
+


s2




a3 x − a3 + 1,
(s1 + s2 ) < x≤1.
To estimate the parameters a1 , a3 , s1 , and s2 , our LuT module consists of three convolutional blocks and three fully connected (FC) blocks, as shown in Figure 6.4. Each convolutional block sequentially consists of a convolutional layer that applies kernels of size
4 × 4 × 4 and the stride of four, an instance normalization layer, and also a LeakyReLU
layer with the slope 0.2. These three convolutional blocks have 16, 32, and 64 output
channels in order. In the first two FC blocks, a dropout layer using the rate of 0.5 is first
employed, followed by an FC layer, a batch normalization layer, and a Tanh layer. The
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outputs of these two FC blocks have 128 and 64 channels, respectively. For the last FC
block, an FC layer that outputs 4 channels is applied, and different nonlinear activation
functions are used to predict the four target parameters. To be specific, in order to build
a regular one-to-one mapping function, we require a1 > 0 and a3 > 0, and s1 and s2 sit
between zero and one according to definition. Therefore, the last FC block uses the ReLU
function to guarantee the positive values of a1 and a3 , and a Sigmoid function to ensure
s1 and s2 in the range of [0, 1].
For the single-modality segmentation task, one LuT module using the three-segment
piece-wise function possesses 0.57M trainable parameters. If using multi-modality MR
images, each modality will be associated with a LuT module. This design considers that
separately using different LuT modules for each input modality helps to focus on the
specific contrast characteristics of each modality for the segmentation. Therefore, our
learnt LuT adapts to different samples and different modalities.
Power Function
Power functions are also investigated as the nonlinear intensity mapping function associated with LuTs, which are as follows and illustrated in Figure 6.3 (b).
x̂ = xγ ,

where 0≤x≤1,

(6.3)

where the power γ is the only learnable parameter that controls the LuT curve for each
input MR image. The curve of the power function passes through the two points (0,0)
and (1,1), and here we require γ > 0. When γ = 1, there will be no intensity adjustment,
shown as the dashed diagonal line in Figure 6.3 (b). When γ > 1, the power function has
a convex shape for x ∈ [0, 1]; when 0 < γ < 1, the power function has a concave shape for
x ∈ [0, 1]. Figure 6.3 (b) also gives two LuT curves of γ = 2 and γ = 1/2 as examples.
Compared with the piece-wise linear functions mentioned above, these power functions
have fewer parameters to learn, but may also have less flexibility for the adjustment.
Power functions are also used in gamma correction, as a nonlinear operator to correct the
brightness/intensity values of the pixels in natural image photographing and the display
of medical images [159–163].
For power functions, we also use the architecture of the LuT module in Figure 6.4 to
predict the parameter γ, except that the number of the output channel in the last layer of
LuT module becomes one. As γ is defined to be larger than zero, the ReLU function is
applied to enforce it to be a non-negative value for the LuT transformation.

CHAPTER 6. SAMPLE-ADAPTIVE INTENSITY LOOKUP TABLES

6.1.3

106

Segmentation Module

In the right part of Figure 6.2, our segmentation module is illustrated. Compared with
those stand-alone segmentation models, ours takes the intensity-adjusted MR images as
its input and is jointly trained with the LuT module. Here, our SA-LuT-Net framework is
developed upon two backbone networks, respectively, which are two state-of-the-art models for brain tumor segmentation. Both of them have been reviewed in Chapter 2 in this
thesis. The first one is the modified 3D Unet model [17], which contains 26 convolutional
layers. It incorporates residual connections in its encoding convolutional blocks to combine the neighboring shallow and deep features, and also integrates different-depth segmentation outputs in an element-wise summation way to apply deep supervision for the
final model output. The modified 3D Unet achieved the third place in BRATS2017 [19].
The second backbone network is DMFNet [18]. It has 69 convolutional layers built as a
3D Unet-like structure with skip connections. It replaces the ordinary convolutional layers in its first six encoding residual units with more efficient adaptive dilated multi-fiber
layers to capture the multi-scale feature representations from brain tumor images. It attained the comparable results on the BRATS2018 validation set [19] with the challenge
first-place model, NVDLMED [113], but only includes about 1/10 learning parameters
of NVDLMED. As for the detailed architectures of the modified 3D Unet and DMFNet,
please be referred to the original papers [17] and [18].

6.1.4

Training Strategy

Similar to the common segmentation models, the proposed SA-LuT-Net only exploits the
ultimate segmentation loss to guide its learning process. Since the LuT module is in the
beginning layers (close to the input) of the entire model and the following segmentation
module is usually very deep, the training of our SA-LuT-Net may encounter the gradient
vanishing issue. That is, the loss gradient is not easily propagated properly to the LuT
module. To alleviate this issue, we implement a three-stage training strategy. At the
first stage, the segmentation module is trained as a stand-alone model without the LuT
module. At the second stage, an alternative and iterative training approach is applied on
the LuT and segmentation modules. To be more specific, in one epoch the LuT module
is updated while the segmentation module is fixed, and then in the next epoch, the LuT
module is fixed and only the segmentation module is updated. This will be iterated for
a number of epochs to gradually train both of the LuT and the segmentation modules.
Since the segmentation module is frozen during the updating of LuT module, the gradient
vanishing issue in the LuT module will be mitigated. In addition, as the segmentation
module is much deeper than a LuT module, it requires more rounds of updating before
convergence. Therefore, after the LuT module is fully trained and becomes stable in the
second stage, it will be set frozen at the third stage and only the segmentation module
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keeps updating for a few more rounds. After all these three stages, our SA-LuT-Net
completes its training process.

6.1.5

Remarks

It is noteworthy that the proposed sample-adaptive LuT framework is essentially different
from the attention mechanism used in some image segmentation models [164–166]. First,
they are applied in different spaces. The attention-based methods weigh the importance
of different spatial regions in the convolutional feature maps, while our method highlights
the segmentation-related intensity contrast in the intensity space. For example, attention
commonly assigns the similar weights to spatially neighboring pixels. In contrast, our
LuT transforms the pixels of a given intensity level in the same manner, even if they are
spatially distant. Second, attention is usually integrated into the deep layers of the CNNs
after the convolutional feature representations have been extracted for the segmentation
task. In contrast, our sample-adaptive LuT is applied at the very early layers of the deep
model to preserve the critical visual clues from the beginning. Moreover, attention and
our sample-adaptive LuT do not compete with each other, instead they could be applied
together to promote segmentation performance from different perspectives.

6.2
6.2.1

Experimental Results
Dataset and Training Settings

We evaluate the proposed SA-LuT-Nets framework on BRATS2018 and BRATS2019 [19]
datasets. The former consists of a training set with 285 subjects and a validation set with
66 subjects, and the later contains 335 subjects in its training set and 125 subjects in
its validation set. Each subject has four-modality 240 × 240 × 155 MR images, i.e., T1,
FLAIR, T2, and post-contrast T1-weighted (T1ce). For the training sets, every subject
also contains its corresponding segmentation ground truth including background, necrotic
and non-enhancing tumor, peritumoral edema, and GD-enhancing tumor, whose labels are
0, 1, 2, and 4, respectively. To compare the segmentation results with the ground truth,
the whole tumor (WT) with labels 1, 2 and 4, the tumor core (TC) with labels 1 and 4,
and the enhancing tumor (ET) with label 1 are used as three different tumor regions. For
the validation sets, since the segmentation ground truth is not given, its results need to be
evaluated on BRATS2018 and BRATS2019 online server.
We separately apply the preprocessing steps of the two backbone models on the input MR images and then use the proposed SA-LuT-Nets for the LuT transformation and
the final segmentation. Only the original segmentation losses of modified 3D Unet and
DMFNet are used to separately train these two backbones based SA-LuT-Nets. The learn-
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Figure 6.5: Comparisons between SA-LuT-Nets using piece-wise linear mapping functions (three line segments) for LuTs and the baselines.The displayed images in first and
third rows are preprocessed for the baselines and preprocessed and LuT-transformed for
the SA-LuT-Nets, respectively. The second and fourth rows give their corresponding
segmented labels. These learnt LuTs are flexible to adaptively adjust the intensity levels
of the FLAIR MR images for the brain tumor segmentation task.

ing rates of the LuT module and the segmentation module are fixed as 0.001 and 0.0001,
respectively, through the Adam optimizer in our framework. The second and third training stages separately have 150 and 250 training epochs. No any new hyper-parameter is
involved in our SA-LuT-Nets except from those used in the backbone models.

6.2.2

Comparison with Baselines

We study the effectiveness of the proposed SA-LuT-Nets framework with both the piecewise linear mapping function and the power mapping function, and compare them with the
two baseline models, i.e., the modified 3D Unet [17] and DMFNet [18], respectively. For
the piece-wise linear function, we employ a three-segment piece-wise linear function in

Methods
Modified 3D Unet [17] (baseline)
SA-LuT-Net (power function, 3D Unet based, ours)
SA-LuT-Net (piece-wise linear function, 3D Unet based, ours)
DMFNet [18] (baseline)
SA-LuT-Net (power function, DMFNet based, ours)
SA-LuT-Net (piece-wise linear function, DMFNet based, ours)

WT
0.8437(0.1520)
0.8512(0.1093)
0.8621(0.1258)
0.8549(0.1031)
0.8601(0.1168)
0.8746(0.0864)

TC
0.5912(0.2104)
0.6372(0.1766)
0.6450(0.1968)
0.5499(0.2408)
0.5914(0.2419)
0.6459(0.2353)

ET
0.3520(0.2342)
0.3869(0.2554)
0.3959(0.2647)
0.3696(0.3055)
0.3659(0.2806)
0.3776(0.2944)

Table 6.1: Dice scores of FLAIR segmentation results on BRATS2018 training set, reported by mean(std).
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Figure 6.6: Comparisons between SA-LuT-Nets using power functions for LuTs and the
baselines. The displayed images in first and third rows are preprocessed for the baselines
and preprocessed and LuT-transformed for the SA-LuT-Nets, respectively. The second
and fourth rows give their corresponding segmented labels. The curves of the learnt
power mapping LuTs are different according to the input MR images, making these
images more suitable for brain tumor segmentation.

this experiment. In this comparison, the experiments are conducted for a single modality
FLAIR segmentation task. For evaluation, the BRATS2018 training set is separated as five
folds to cross validate. Table 6.1 reports the Dice score results of these compared methods
on three tumor regions. The higher values of dice scores indicate better segmentation
results.
As can be seen, our SA-LuT-Nets with both LuT mapping functions achieve overall
significant improvements over their corresponding baselines. Especially, SA-LuT-Net
(piece-wise linear function) based on 3D Unet increases 1.8% on WT, 5.4% on TC, and
4.4% on ET from 3D Unet, meanwhile SA-LuT-Net (piece-wise linear function) based
on DMFNet improves 2.0% on WT, 9.6% on TC, and 0.8% on ET from DMFNet. We
can also find that the improvement on segmenting TC region is the most salient, by learn-
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Table 6.2: Comparisons between SA-LuT-Net (DMFNet based) and intensity normalization approach. The Dice scores of FLAIR segmentation results are reported by
mean(std).

Methods
WT
TC
ET
DMFNet [18]
0.8549(0.1031) 0.5499(0.2408) 0.3696(0.3055)
DMFNet+Norm [155]
0.8494(0.0979) 0.5204(0.3110) 0.3769(0.2909)
SA-LuT-Net (DMFNet based) 0.8746(0.0864) 0.6459(0.2353) 0.3776(0.2944)
ing the proposed sample-adaptive LuTs based on both two backbone models. Further
comparing the results obtained by different LuT mapping functions, we can see that the
three-segment piece-wise linear mapping function performs better than the power function. Compared with the power function that has only one parameter, the three-segment
linear function has four learnt parameters, which has more flexibility for intensity adjustment and therefore could better negotiate with the segmentation module to improve
segmentation results. Two visual examples with these two mapping functions are separately provided in Figures 6.5 and 6.6, showing the learnt LuTs adaptively varing with the
input MR images and enhancing their tumor regions to help the segmentation task.

6.2.3

Comparison with Intensity Normalization

To study the effectiveness of our end-to-end learnt LuTs, we compare the proposed SALuT-Net (DMFNet based) using the three-segment piece-wise linear function with the traditional intensity normalization approach [155] as the preprocessing of MR images for the
FLAIR segmentation task via the five-fold cross-validation experiments on BRATS2018
training set. Their results are reported in Table 6.2. As shown, the segmentation performance is not improved by standardizing the input MR images using the normalization approach [155]. This may be caused by the fact that the intensity normalization is conducted
as a standalone step to segmentation. Hence, some pathological details that are critical
to the following segmentation may be altered and ignored. In contrast, our end-to-end
learnt LuTs based method can increase the Dice scores, which validates the effectiveness
of the communication between the LuT module and the subsequent segmentation module. Because of this communication, the parameters of LuTs could be adjusted with the
guide of segmentation task and help the LuT-transformed images suit the final segmentation. Two visual comparisons are shown in Figure 6.7. We can see that the traditional
intensity normalization [155] tends to standardize the MR images, while our intensity
LuTs enhance the contrast between different tissues according to the input MR images
and highlight the tumor information for the segmentation. Both the quantitative and the
visual results demonstrate the advantages of our proposed end-to-end trained SA-LuT-Net
in segmentation tasks.
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WT: 0.8598 TC: 0.7330 WT: 0.8322 TC: 0.7199 WT: 0.8696 TC: 0.8065
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WT: 0.8466 TC: 0.7332
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Figure 6.7: Comparisons between SA-LuT-Net (DMFNet based) and intensity normalization approach [155]. The displayed images in first and third rows are preprocessed
for the baseline and preprocessed and LuT-transformed for the SA-LuT-Net. For the intensity normalization used approach, they are standardized and preprocessed. Using the
proposed end-to-end learnt LuTs, the LuT-transformed MR images have more protruded
tumor regions and get better segmentation results.

6.2.4

Comparison with the State-of-the-arts

Table 6.3: Multi-modality tumor segmentation results on BRATS2018 validation set.

Dice scores
Hausdorff95
WT
TC
ET
WT TC ET
S3D-UNet [114]
0.8935 0.8309 0.7493
Kao et al. [167]
0.9047 0.8135 0.7875 4.32 7.56 3.81
DMFNet [18] (baseline)
0.9062 0.8454 0.8012 4.66 6.44 3.06
No New-Net [112]
0.9083 0.8544 0.8101 4.27 6.52 2.41
NVDLMED [113]
0.9068 0.8602 0.8173 4.52 6.85 3.82
SA-LuT-Net (DMFNet based) 0.9116 0.8746 0.8073 3.84 5.16 3.67
Methods

To widely compare the proposed SA-LuT-Net framework with the existing successful
brain tumor segmentation models, the experiments of four-modality tumor segmentation
task are also separately applied on the BRATS2018 and BRATS2019 validation sets. We
use the SA-LuT-Net (DMFNet based) with the three-segment piece-wise linear mapping
in this investigation, considering that on this task DMFNet performed significantly better than the modified 3D Unet and the piece-wise linear function is more flexible than
the power function. Two different segmentation evaluation metrics, i.e., Dice score and
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Figure 6.8: A qualitative example from BRATS2018 validation set. The displayed images are preprocessed for the DMFNet and preprocessed and LuT-transformed for the
proposed SA-LuT-Net. The LuT curves are learnt differently for the four-modality images. The tumor tissues are more protruded, and more easily recognized by the segmentation network after the LuT transformation in the proposed SA-LuT-Net framework.

Hausdorff95 distance, are measured and reported by BRATS2018 and BRATS2019 online server, as other methods in comparison do. The lower value of the Hausdorff95
distance means better segmentation result. This work focuses on comparing the proposed
SA-LuT-Net with the state-of-the-arts single-model based approaches on BRATS2018
dataset. Table 6.3 presents their results. It can be seen that our SA-LuT-Net (DMFNet
based) performs best among all the compared models in the segmentation of WT and TC
tumor regions in terms of the two evaluation metrics. It again achieves better segmentation results than its baseline DMFNet [18] on all the three regions. The improvement is
especially significant on TC tumor region with 2.9% Dice score. The proposed SA-LuTNet only attains slightly inferior performance on ET region to NVDLMED [113] and
No New-Net [112], which are the first- and second-place winners in BRATS2018 challenge. Whereas, the proposed SA-LuT-Net has much fewer parameters (6.14M) to learn.
This is in contrast to NVDLMED and No New-Net, which have 40.06M and 10.36M
parameters, respectively, as calculated in [18]. Overall, our SA-LuT-Net achieves better performance than the state-of-the-art single models and uses relatively fewer learning
parameters. For BRATS2019 validation set, since the aforementioned models did not
formally present their results and the first- and third-place winners of BRATS2019 use
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Table 6.4: Multi-modality tumor segmentation results on BRATS2019 validation set.

Dice scores
WT
TC
ET
Wang et al. [168]
0.8940 0.8070 0.7370
Li et al. [169]
0.8860 0.8130 0.7710
Xue et al. [170]
0.9000 0.8300 0.7500
Zhao et al. [171]
0.9100 0.8350 0.7540
DMFNet [18] (baseline)
0.9000 0.8018 0.7706
SA-LuT-Net (DMFNet based) 0.9079 0.8482 0.7821
Methods

Hausdorff95
WT TC ET
5.68 7.36 5.99
6.23 7.41 6.03
6.13 6.77 5.07
4.57 5.58 3.84
5.22 7.52 3.30
4.46 5.26 3.69

Table 6.5: The effect of LuT line-segment numbers using SA-LuT-Net (DMFNet based)
on FLAIR segmentation.

Methods
Baseline
Two line segments
Three line segments
Four line segments

WT
TC
ET
0.8602 0.5219 0.4251
0.8594 0.5323 0.4095
0.8856 0.6494 0.4270
0.8825 0.6213 0.4196

ensemble models, we compare the proposed SA-LuT-Net based on DMFNet with four
well-performed single models including the second-place winner [171] in the challenge.
Their results are quoted in Table 6.4. As can be seen, although the model from [171]
performs slightly better than our SA-LuT-Net on WT region, the proposed model largely
outperforms it by 1.3% on TC and 2.8% on ET regions. Thus, the proposed SA-LuT-Net
(DMFNet based) shows the overall consistent superiority over the compared models on
BRATS2019 dataset. Figure 6.8 gives a visual example from the BRATS validation set,
where the LuTs are learnt differently varying with the four MRI modalities. With the
transformation by the learnt LuTs, the tumor tissues are more contrasted, and are better
discriminated by the subsequent segmentation network.

6.2.5

Ablation Studies

Study about the Number of Line Segments
An ablation study is conducted to investigate how the number of line segments used in
piece-wise linear mapping LuTs affects the segmentation performance. In this experiment, the single modality FLAIR segmentation task is used with the training subjects of
BRATS2018 randomly separated into 80% training data and 20% test data. Two-segment,
three-segment and four-segment piece-wise linear functions are tested in the proposed
SA-LuT-Net (DMFNet based). Their results are compared in Table 6.5. As reported,
using the same training setup, the model with the three-line-segment LuTs achieves the
best results. Meanwhile, the two-line-segment LuT gets similar results as the baseline but
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Ground truth
WT: 0.9188 TC: 0.7966 WT: 0.9085 TC: 0.6364 WT: 0.9298 TC: 0.8819 WT: 0.9290 TC: 0.8099
ET: 0.5721
ET: 0.4062
ET: 0.7127
ET: 0.5928

Figure 6.9: A visual example of using different segment numbers. All the three curve
lines show a concave shape for this MR sample, and using the three-line segments for
LuTs gets the best segmentation results.
Table 6.6: The effect of different learning constraints in three-line-segment LuT using
SA-LuT-Net (DMFNet based) on FLAIR segmentation.

Methods
WT
TC
ET
Baseline
0.8602 0.5219 0.4251
Single linear line
0.8425 0.5289 0.3669
Intensity clipping
0.8664 0.5339 0.4179
Three line segments 0.8856 0.6494 0.4270
it is inferior to the LuTs employing three or four line segments. This is possibly caused
by the less flexibility of the two-segment piece-wise linear mapping function that cannot
sufficiently model a sought-after non-linear intensity transformation. Besides, a visual
example of the results using different numbers of line segments is provided in Figure 6.9.
All the three curve lines show a similar shape for this MR sample, and using the three-line
segments for LuTs gets the best segmentation results.
Study about the Learning Constraints of Line Segments
We also conduct another ablation study to investigate the effect of using different constraints during learning LuTs on segmentation results. In this experiment, we also apply
randomly selected 80% data from BRATS2018 for training and the rest 20% for test on the
FLAIR segmentation task. We compare the proposed three line segments with the single
linear line and the intensity clipping in LuTs. The single linear line setting means learning
a linear mapping of the intensity levels from [0, 1] to [0, z]. Here, z > 0 is learnt by the
LuT module for every image. The intensity clipping setting indicates a three-piece-wise
linear function but limiting a1 = 0 and a3 = 0. Their results are presented in Table 6.6.
As can be seen, using the single linear line setting, the WT segmentation Dice score even
drops by 4.3% from the baseline. After looking into the detailed results of every image,
we find that the learnt sample-adaptive z varies largely among samples. This may be
caused by two reasons. First, the intensities in [0, z] could be scaled to [0, 1] by dividing
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z. This changes the scale of the absolute values, but the relative tissue contrast remains.
In practice, we care more about the latter for segmentation. Another reason is when z
is not constrained, the optimization could easily go unbounded. Also, the results show
that applying the intensity clipping setting, the learnt LuTs can slightly promote DMFNet
by 0.6% on WT, but the improvement is largely lower than that by the setting without
clipping (2.5%). This is possibly due to the less flexibility with clipping. Therefore, the
proposed three-piece-wise learning constraint is a more suitable choice in this case.

6.2.6

Study about Transferring LuTs between Segmentation Models

Moreover, we are interested in investigating whether the learnt LuTs could be general,
to some extent, to the segmentation task. Therefore, we conduct an experiment to test
if the LuTs learnt using one segmentation model could be used to improve the performance of another segmentation model. Specifically, we first obtain the LuTs (using the
three-segment piece-wise linear function) learnt by the modified 3D Unet/DMFNet, apply them to transforming the MR images, and directly use these transformed images to
train the other segmentation model DMFNet/modified 3D Unet correspondingly for brain
tumor segmentation using the single imaging modality FLAIR. The Dice scores of their
segmentation results via five-fold cross validation are reported in the last two rows of Table 6.1. When comparing them with the results in first four rows, we can find that this
transferring approach improves the segmentation performance on WT and TC regions
from the baselines, 3D Unet (1.0% for WT and 3.6% for TC) and DMFNet (1.3% for
WT and 6.1% for TC). As for the ET region, this approach gets worse or similar results
compared with baselines, indicating that the transferring LuTs without end-to-end training with the segmentation model may not be sufficient to depict the required contrast to
segment the very small region of ET. In addition, the results of the proposed SA-LuTNets are better than those of the transferring approach on all the three tumor regions. This
further verifies the positive effect of the end-to-end training in the proposed SA-LuT-Net
framework.

6.3

Discussion

In this chapter, we propose to learn sample-adaptive LuTs that dynamically adjust the
intensity contrast of MR images and improve the brain tumor segmentation performance.
The proposed SA-LuT-Net framework complements the novel LuT module that learns the
sample-specific parameters of the nonlinear intensity mapping with a segmentation module to segment on the LuT-transformed images for the final task. The entire framework
is trained in an end-to-end manner which allows the learnt LuTs to flexibly transform
the MRI contrast for better segmentation. The proposed framework can be developed on

Methods
WT
TC
ET
Modified 3D Unet [17] (baseline)
0.8437(0.1520) 0.5912(0.2104) 0.3520(0.2342)
SA-LuT-Net (3D Unet based, ours)
0.8621(0.1258) 0.6450(0.1968) 0.3959(0.2647)
DMFNet [18] (baseline)
0.8549(0.1031) 0.5499(0.2408) 0.3696(0.3055)
SA-LuT-Net (DMFNet based, ours)
0.8746(0.0864) 0.6459(0.2353) 0.3776(0.2944)
Transferring LuTs from 3D Unet to DMFNet 0.8682(0.1339) 0.6109(0.2676) 0.3302(0.2930)
Transferring LuTs from DMFNet to 3D Unet 0.8537(0.1474) 0.6272(0.2059) 0.3572(0.2681)

Table 6.7: FLAIR segmentation results of transferring LuTs between segmentation models, reported by mean(std).
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various segmentation backbone networks to further improve them. Its effectiveness was
verified by the performance superiority of the proposed SA-LuT-Nets over the baselines,
i.e., the modified 3D Unet and DMFNet. The improvement purely comes from the learnt
LuT transformation that enhances the task-related contrast to support the segmentation
module (backbone network). The learnt LuTs that are acquired from the training with one
segmentation network can be transferred to apply to another segmentation network, showing their relatively consistent improvements on different segmentation networks. Also,
for multi-modality MR images, the proposed SA-LuT-Net generates LuTs that vary with
each modality and each sample to achieve the freedom for intensity adjustment. The fourmodality segmentation results by the proposed SA-LuT-Net (DMFNet based) are overall
better than other state-of-the-art models with different architectures, although the comparison with segmentation models of various structures is not the focus of this chapter.
It is anticipated that when more advanced brain tumor segmentation models appear, the
proposed SA-LuT-Net framework could be built upon them and further improve them. In
addition, the reason why the proposed three-segment piece-wise linear mapping function
performs better than the power function may be similar to the reason why it outperforms
the piece-wise linear function of two line segments. The power function has only one
learnable parameter and the two-segment piece-wise function has two learnable parameters, which have less freedom to adjust the intensity levels for segmentation, compared
with the recommended three-segment piece-wise linear function. The four-segment piecewise linear function gets similar results as the three-segment one, showing that the LuTs
using four learnt parameters may be sufficiently flexible on this brain tumor segmentation
dataset. As mentioned, the used piece-wise linear mapping function and power function
are not the only choices to transform the intensity levels. More functions depicting higher
degree of nonlinearity could be explored in the proposed SA-LuT-Net framework. In addition, from the experimental results, we can see that the advantage of our SA-LuT-Net
is particularly salient on the tumor core part over almost all the compared models. This
shows the evident benefits of the end-to-end learnt LuTs that help to highlight the essential tumor core details, while some of these details in the original MR images may not be
well viewed due to relatively poor contrast.

6.4

Conclusion

This chapter proposes a novel sample-adaptive learning framework, i.e., SA-LuT-Net, for
brain tumor segmentation. It learns the optimal sample-adaptive intensity LuTs to actively mitigate the significant visual variations among the different input MR images and
dynamically adjust their intensity contrasts according to their input values to match with
the subsequent segmentation network. The ultimate aim of the proposed framework is to
increase the MR image segmentation performance through the sample-adaptive learning
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strategy. The proposed framework is separately implemented upon two prevalent backbone segmentation networks. The experimental results on two public datasets demonstrate that the proposed SA-LuT-Nets successfully improve the performance of the common segmentation models (backbones) and also outperform the state-of-the-art models
from the recent literature for brain tumor segmentation.

Chapter 7
Conclusions and Future Work
In this chapter, the main contributions of this thesis will be concluded. Also, the potential
research directions of its future work will be discussed.

7.1

Conclusion

This thesis focuses on two per-voxel prediction tasks, i.e., image synthesis and segmentation, on medical images by deep convolutional neural networks (CNNs). Targeting at
these two challenging tasks, adversarial learning and sample-adaptive learning frameworks are explored in the thesis to promote the prediction performance upon the deep
CNNs from the following three perspectives: (1) designing effective deep 3D CNNs based
GAN models to learn the volumetric medical image mapping for the per-voxel regression
task (cross-modality MR image synthesis); (2) exploring more advanced GANs to preserve the vital brain structural details in the synthesized image for better per-voxel regression (cross-modality MR image synthesis) performance; (3) developing a GANs based
sample-adaptive learning framework to learn a specific model for each image sample for
per-voxel regression (lesion contained cross-modality MR image synthesis); (4) establishing a novel deep CNNs based learning framework to sample-adaptively mitigate the
significant visual variation among MR images for the challenging per-voxel classification
task (brain tumor segmentation on MR images). To be more specific, this section will
conclude the proposed works in detail as follows.
• In Chapter 3, adversarial learning is investigated in the designed 3D CNNs based
GAN model to learn the mapping for cross-modality brain MR image synthesis.
The study about the 2D and 3D CNN structures in GAN models provides a solid
guidance of designing per-voxel regression models for MR images. The take-away
message is that using the 3D architecture can mitigate the discontinuous estimation
across the 2D slices in 3D medical images and promote their voxel-wise prediction
performance.
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• In Chapter 4, beyond the 3D CNNs based GANs from Chapter 3, more advanced
edge-aware adversarial learning strategies are proposed for cross-modality brain
MR image synthesis. The effectiveness and importance of preserving the edge information show that only minimizing the voxel-wise intensity similarly is not sufficient to learn a well-performed synthesis mapping. Therefore, two adversarial
learning strategies of integrating the edge maps into the GANs can enforce the synthesized images much sharper to reflect more brain structural details. In addition,
our investigation also finds that incorporating the edge information into the adversarial learning of both generator and discriminator better serves the synthesis. Its
effectiveness is demonstrated on the two different brain MR image datasets. Last
but not the least, the generality of the designed edge-aware GANs’ 2D variants
is verified across different generic image datasets. Thus, object contours can be
sufficiently captured during the adversarial learning of CNNs based GANs in the
synthesis of either medical or generic images.
• In Chapter 5, the weakness of training a unified model for all the input image
samples with high variations is pointed out. Based on this, a novel GANs based
sample-adaptive learning framework is developed. It actively learns the specific
characteristic of each sample via its unique local sample-space mapping, by utilizing the relationship between the input sample and its neighboring training samples.
This sample-adaptive learning is built on top of the common whole sample-space
learning to also exploit the common features of samples. The effectiveness of the
proposed learning framework is demonstrated on two lesion contained MR image
datasets, which validates that the framework successfully copes with the learning
issue in the existing whole sample-space mapping based GANs for per-voxel synthesis. This thesis investigates not only the quality of finally synthesized images
but also the intermediate results to study the implicit knowledge learnt by the proposed local sample-space mapping and analyze the reasons of its effectiveness. Besides, this thesis points another learning issue in the most existing GANs. They
only use the target-modality information of the training samples in error evaluation during training but not actively exploit this crucial ground-truth information
to directly serve the synthesis. In contrast, the proposed framework utilizes the
real target-modality training samples not only to evaluate loss functions but also
to learn target-modality-related features to help synthesis. In addition, the performance of the synthesized lesion in the diagnosis-related visual recognition tasks
is studied. This study further validates the superiority of lesion synthesis ability
through the proposed sample-adaptive learning framework over the common whole
sample-space learning.
• In Chapter 6, the problem of significant visual variations among MR images is
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identified for brain tumor segmentation tasks, which inevitably increases the difficulty of learning a well-performed unified CNN model. In the sample-adaptive
learning based segmentation framework that is delicately established in this thesis, the different lesion contrasts varying with the input MR images are handled by
the particularly learnt intensity adjustment. Utilizing the proposed sample-adaptive
learning framework, every input image has its unique intensity transformation before processed by the subsequent segmentation network. Also, this transformation
is learnt with the following segmentation network. This end-to-end learning strategy enhances the tumor-related contrast to best serve the segmentation task. The
thesis demonstrates its effectiveness in promoting the brain tumor segmentation performance under the scenarios of both single and multiple modalities on two public
datasets. Moreover, the generalization capacity of sample-adaptive learning in adjusting medical image intensities is further studied through transferring the specifically learnt transformation from one segmentation network to another. This study
suggests that some general information about how to sample-adaptively mitigate
the intensity variation among MR images for the segmentation task, rather than for
a specific segmentation model, has been learnt.

7.2

Future Work

For the work in this thesis, its future research directions that could be further explored are
discussed as follows:
• Semi-supervised learning. Semi-supervised learning has demonstrated its promising performance on various computer vision tasks. For medical images, as mentioned, scarce labeled data is always a problem, which hinders learning an effective
prediction model. Semi-supervised learning can utilize only a small number of labeled data and also more unlabeled data to train the model. For example, in the
cross-modality MR image synthesis task, since the scanning of two-modality images for every patient requires enough time and money, the collection is not easy.
If a semi-supervised learning strategy could be explored in this case, the training of
model will benefit from more visual information of various source-modality images
so that the synthesis performance can be promoted.
• Weakly supervised learning. Weakly supervised learning aims to apply simpler/weaker
ground-truth labels on a more complicated learning task. During the learning for
medical image segmentation, the dense labels of training images should be provided
in advance. However, getting the segmentation labels of medical images needs the
manual annotation from the experts with professional medical backgrounds. This
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inevitably increases the workload in clinics. Thus, only annotating the weaker labels rather than the dense voxel-wise ground-truths for training images is promising
to mitigate this issue. There are two types of weak labels that may be suitable for
the complex medical image segmentation task. The first type is the bounding box
of target objects. Only providing the coarse locations of the interesting regions reduces much laborious effort. The second one is the scratches of target organs or
lesions. Interactive annotations could also free the hands of experts. Therefore,
applying weakly supervised learning by these simpler labels could guarantee the
sufficient number of labeled data during training.
• Transfer learning. Transfer learning can exploit the deep models which are pretrained in solving one computer vision problem to a different but related problem.
It would be highly useful in the medical image segmentation cases. As aforementioned, the training of deep models for medical image segmentation always faces the
situation of lacking sufficient labels, which has the adverse effects on model learning. Compared with the medical images, annotated generic images are generally
more accessible. Thus, how to transfer the pre-trained generic image segmentation
CNN models to medical image segmentation tasks is worthy to explore. Since it
is a cross-domain and cross-task work, more efforts should be made to minimizing
the distance between two-domain data and also extracting the relationship between
two segmentation tasks. Besides, not only from the generic image segmentation
but also from the other medical image segmentation tasks, transfer learning could
utilize the deep models trained on a relatively sufficient medical image dataset to
process the images from another dataset. For example, using the CNNs for the
prevalent glioma segmentation task to initialize the deep models for the segmentation work of the other rarer lesions in brain.
• CT/PET datasets. In this thesis, the proposed medical image per-voxel prediction
frameworks are validated on MR image datasets. Similar to MR images, CT/PET
images have three spatial dimensions and image-wise visual characters especially
when they are scanned on the lesion contained body parts. In addition to the proposed 3D cGAN in Chapter 3 already applied on PET datasets in our paper [129],
our Ea-GANs, SA-GANs, and SA-LuT-Nets may be also effective for CT/PET pervoxel prediction tasks. Through the proposed Ea-GANs, the edge information in
CT/PET images could be enhanced during the synthesis, so that the synthesized
images will have sharper and clearer appearance. Via our SA-GANs and SA-LuTNets, the variation among CT/PET images could be considered. Thus, the uniquely
learnt prediction model for each CT/PET sample may achieve better estimation performance.
Moreover, the first three future research directions can be integrated together to learn
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the per-voxel prediction on medical images. The weakly supervised learning strategy
could be cooperated with the semi-supervised learning approach, which will exploit a
few densely labeled images and a large number of weakly annotated images to fully utilize
the accessible visual information and ensure the segmentation performance. In addition,
the semi-supervised learning and transfer learning could be incorporated into the model
learning. Using both of the labeled images from other dataset and the scarce annotated
medical images is highly potential to train a well-performed deep CNN model. The above
research directions are expected to develop more effective and efficient medical image
per-voxel prediction frameworks in the future.
Besides, the final goal of per-voxel prediction on medical images is to assist experts in
disease diagnosis and treatment monitoring. However, most existing works in this field
only focus on prediction, which means that the per-voxel prediction is regarded as an independent step from the final diagnosis/treatment. In the future, we could introduce the
diagnosis/treatment information into the learning of per-voxel prediction. In this way,
the task-specific prediction results can be more helpful for experts. Furthermore, an integration system, consisting of single-modality image scanning, multi-modality synthesis,
object segmentation, disease diagnosis, and treatment monitoring, could be developed to
adequately replace the manual work of experts. This automatic system may fundamentally solve the problem of sparse medical resources in today’s world.
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